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ABSTRACT 

A brief summary of fie crystallographic method is 
given, with the emphasis upon the methods used for phase deter- 
mination. 

The crystal structure of bis-nitrosyl - tris-1,2- 
diphenyl dithiolene diiron was determined. An unusual asym- 
metric bridging mode of the dithiolene ligand, was found to 
be responsible for the observation of two iron sites in the 
Mossbauer spectrum of the compound. There was no evidence 
of coordination with solvent, as had been suggested by one 
author. It is suggested that this: type of bridging may be 
present in several other transition metal dithiolene complexes. 

The conformation of cyclohexa-1,4-diene has been a 
SONCLOVvVeL Gl aL meonptcw. ie iorvyctal Structure oT 1,254 ,5-tetra- 
pheny1-3,6-dicarbomethoxycyclohexa-1,4-diene was determined 
to provide additional evidence concerning the planarity of 
the ring system. This molecule was found to be almost planar, 
but with significant deviations from planarity leading to a 
slight chair conformation. It appears that repulsive inter- 
action Perea ete bulky substituents is responsible for this 


chair conformation. 


The crystal structure. of 24) D-tetrapnenyl=—3,6- 
2,4 


Gdicarbomethoxytricyclo[3.1.0.0 Jhexane was carried out to 


determine the exact stereochemistry of the molecule and to 
obtain precise structural information on the cyclopropane and 
cyclobutane rings in highly strained fused systems. The 


molecule was found to be the anti configuration with the carbo- 
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SiG 
methoxy groups in the exo eoeeieT The molecule exhibits 
an unusual feature in that all the bond lengths within the 
tricyclic framework are equal. The bond lengths in the cyclo- 
propane rings are longer than in cyclopropane itself and those 
in the cyclobutane ring are shorter than in cyclobutane. A 
discussion of the geometry of cyclopropane and cyclobutane 
rings in fused systems is given. 

tn-the preparation of Sree eric ore oy! i147 Caine nt 
6-yl-acetatesby “addition *ofcarbene''to exo-bicyclof[2sI[-iy= 
hex-2-ene-5-yl acetate only one isomer is formed, The X-ray 
crystal structure of the p-bromobenzoate derivative revealed 
that this is the isomer jin which the cyclopropane ring is anti 
with respect to the bridgehead carbon bearing the p-bromo- 
benzoate group. Structural evidence is provided to support 
the view that the hydrogen on C5 of the bicyclohexene deriva- 
tive sterically interferes with the formation of the syn 
isomer. 

An appendix gives a critisism of the structure det- 
ermination of WOF , and describes an attempt to refine it in 


terms of a disordered model. 
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CRYSTALLOGRAPHIC INTRODUCTION 


Crystal Lattice 

A crystal may be regarded as a body consisting of a 
regular repetition in space of identical units. The repet- 
1eLOn 1s salon cnree™ axes’ x,y, Z, whien can bevarbitrary "but 
for convenience are chosen to coincide with symmetry elem-_ 
ents within the crystal. The repeat distances, a along x, 
beatong vy, ana c atong=z, and the angles>bekween thexaxes, a 
between y and z, 8 between x and z, and y between x and y, 
define a parallelopiped which is the repeating unit in space 
and is termed the unit cell. ‘Bach UnLE (Cell contains ‘the 
same number of molecules arranged in the same way. 

The dimensions of the unit cells of most crystals 
are of the same order of magnitude as the wavelength of X- 
rays and therefore crystals can act as three dimensional 
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interaction of A-rays with erystals is accounted 
for by Bragg’s Law, mnAsg= 2dssan0,/in whi¢h sets of parallel 
planes in the crystal, separated by a distance d, reflect xX- 
rays of wavelength } when their angle to the beam satisfies 
the expression. Therefore the specification and identification 
of the planes is important in interpreting the X-ray diffraction 
process. 


The planes are usually described by the indices 
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hk& which are the reciprocals of the intercepts of the 
planes on the unit cell axes. Indexing of the diffraction 
pattern in terms of these indices is readily done when the 
planes are considered in terms of a reciprocal space lattice. 
The reciprocal lattice may be constructed from the 
direct lattice by taking a lattice point as origin, and, con- 
structing normals to all possible direct lattice planes. 
These normals are terminated a distance 1/dy ig = A* kg from 


the origin, where d Q is the spacing between the sets of 


hk 
planes (hk2g). In this way a set of points, each labelled 
according to the (hkg) family of planes it represents, are 
produced, and these constitute the reciprocal lattice. An 
important property or the reciprocal lattices what if a 
sphere is constructed of radius 1/\, with the reciprocal 


lattice origin O on its circumference, then every time a 


reciprocal lattice point hk& coincides with the sphere, then 


the real set of planes, parallel to PQ, are in the correct 


orientation to satisfy the condition for Bragg reflection. 
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Scattering of X-rays by Matter 

An electron located in the path of an X-ray beam 
will be forced into oscillation by the electromagnetic field 
of the X-ray impinging upon it and so becomes a source of 
radiation itself. In this way the electron is said to scatter 
the X-rays. 

The scattering from an atom then will be directly 
related to the number of electrons it possesses. The effic- 
dency of scattering in a particular’ direction is*known 4S its 
atomic scattering factor, fo, and is expressed by the ratio 


fo = An/A,t where A, is the amplitude of the wave from the 


A 
whole atom and A, the amplitude from a free electron, scat- 
tering under the same conditions. Some of the factors which 
affect fo will be discussed later. 

The amplitude of a wave in a given direction, scattered 
by N atoms, is the sum of the scattering power of each of the 
atoms for that particular diffraction angle. If the phase of 
the jth atom with respect to the origin is 65 then the amp- 
bitude can be written as Fo “2 feta where - Toate yeCcac— 
tering factoy of pie jth Speer The phase 6 can be obtained 
PrOM Che pOsiLtoOns Of theratoms in the unit cell. If: the co- 
ordinates of the jth atom are a Yas AS then 6. will be 


given by: 


pee ioom( hx. <a KY eet Oz 2), 
64 Tt ( x. Y5 §Z) (1) 


so: that the structure factor for 7a wave Gitfracted from «the 


aay VG eee eras 

net be se % Ne io a me ; 

> t mt a0 {hs : *4i ie 

ine a , i. cae 
mY a tS een 


' ne 
a oe 


J vere fel 
a2 : fry - 


| ener. nie’ 


a evans ce 
ses doa! oF ise ee wh * si — vugcien | itegsi noite 
GA. ae BN “iad pneve bis meee | : | ioe 
ylisex tb Pent sidiae iaistia bes pilrssseoe sit | 
«Sito on?” | Jaseasedog: $f etout>ole to Tedmia edit od beteh 
edt 2B jaedins ae hobioeiib telybisxeq: & nt pniazettace 26 Yoree 
oltex “ead yi becesxgxs st bas .b% Ysotos2 puitestese ose 


Te - 


edd. moN? “evew: cad to’ Bey Peak ed? ak aa eisiiw % gA\ A = 8 


— 


~jsve eerertr 2877 gs moit shutilqns eit Qh Sas mots ‘eral 

tio iste proton ‘edd 36 emoz” verictiibdos emee ont xoabau cited 

dias ohh «tors | Bezenoats 3d itiw 62 goats 

batati son dine aaceiid nevi 5 at avew 6 YO shutligqns on? an am. 
ats Yo “done to s<owoq ‘phiteetios odd Io nue anit et ad ee) 

20 eentig odd a -ebens Hoksoex22hb xsluoisieq gadt xot emoge 7 


oa 


-~qne edt ment t ne fakpixo cv os Jooqes: itiw ats ttt oft y 
~tsoea afd at rae sand at! *e 2) = 3%. en nods inw ed oso “atl 
henisida ed as9 b caatgseet “aot at eft to. sotos% pire 7 
oo B40 a a - 4 ‘ 


“o> oft 31 £800 inp 2 ete nf ad aad. to ariol 2tedq ant 


tihw .2 madd, ,© eu ones st bap neti 
sd {fiw bt on ; Me Ls <a Z €: + ab ses 
vee wn an ‘ ‘he » oF “t o" F syd . 
ae. ar i Me , vis | be Me © ag AL dig As a 
(4) ay / i ; at 3 | Ms cee .. cto o 
oth 4 ft be sie KP i seus 


van Teer ed y 


set of planes (hk) is 


N 
F aot OY Swe ce ten OO milag Morar Coc a a.) Ame ow 8 Ae 2 
‘ 4 jo en ee | : Y4 es (2) 


£iccose 2H (Axeot eKkYV: ote kZ a )atk 
J J J J 


CAatecin os (hes ackKyun tn £2. 3 
: Tr ( j Ys 3? (3) 


ime 


which can be represented in diagramatic form on the Argand 


diagram. 


— = fF; cos; —— 


From this we see that: 
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With the above formulas structure factor amplitudes 
and phases can be calculated once the positions of the atoms 
are known. The expression for the structure factor is a 
general expression which is modified by the presence of 
symmetry elements. For example the presence of a centre 


of symmetry reduces it to 


F = 2 f i. .cos SAA Eas + Nee + ca (6) 


tie scattering Factor 
The scattering factor used in the above calculations 
has been defined as the scattering power of the atom relative 
to the scattering power of one electron. The maximum value 
1) Can attain. then, is 24, the atomic number of the atom and 
thers Ccocure jin “ene. directron) of the incident beam, i.e. at 6 = 0, 
Since in this direction all the electrons will be scattering 
in phase. However because of the finite size of the atom, 
as sinO/iX increases, the scattering factor decreases, since 
the X-rays scattered from an electron in one part of the 


atom will be, to an increasing extent, out of phase with 
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those in other parts of the atom, the resulting interference 
reducing the scattering efficiency. 

The scattering power is also subject to thermal 
effects, since, in general, the higher the temperature, the 
greater the vibration of the atom. The effect of the vib- 
ration or thermal motion is to cause the electrons to sweep 
out a larger volume than they would occupy if the atom were 
at rest, thus causing the scattering power to fall off even 
more rapidly with increasing sin 0/\. These effects are 
allustmated. in fig. 1. 

It has been shown that the required correction to 


the scattering factor for isotropic vibration is given by: 
Nae 2 
f = fo exp (-B sin’ O0/)\’) (5) 


where B, known as the isotropic temperature factor, is rel- 
ated to the mean square amplitude of vibration. 

When anisotropic vibration is being considered, 
the exponential term in (7) takes the form exp-(h°B,, + aes 
+ 2°85, “+ 2nk845 + 2h2B53 + Se which describes the 
Magiitude and Oorientatacn (OL a vibrational ellipsoid with 
respect to the crystallographic axes. 

The scattering factor has also to be corrected 
for the effect of anomalous dispersion, which arises when the 
wavelength of the incident beam lies near an absorption edge 


of any of the atomic species present in the crystal. Under 
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Fig. 1. The variation of fo with sin 0/A — no temperature 


correction ---- B = 4.0 applied. 
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these circumstances, the wave scattered by an atom undergoes 
an anomalous phase shift. The resultant scattering factor 
can be expressed by addition of two correction terms, one 


real and one imaginary, to the normal scattering factor. 
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Data Reduction 
Structure factor amplitudes may be obtained from 
the experimentally observed intensities after correction 
has been made for several geometric and physical factors which 
affect these intensities. The relationship is expressed by 


the equation: 


FE a Tike (9) 


where K is a constant, L is the Lorentz factor and p the 
DOlarasation factor. The is the measured intensity. 

The polarisation factor arises because the incident 
beam is unpolarised whereas the reflected beam is partially 
polarised, which has the effect of decreasing the intensity. 
The electric vectors in the unpolarised beam may all be 


considered in terms of their components in two directions, 
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perpendicular and parallel to the plane of the incident and 


reflected beam. le and Eh ec Since the electric vectors in the 


unpolarised beam are randomly oriented, these two components 


will occur with equal frequency and the intensities assoc- 


ijated with each are therefore equal. ie. a = aia = 


1/2 a Pent 


Since the intensity is proportional to the square of the 


‘electronic vector, after reflection, td = Ke" | = sai 
1 
and, I = eee sin 4 = I Since 
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where p = 1/2 + 1/2 eo oe 20 (10) 
The Lorenz factor L arises because the time 

required for a reciprocal lattice point to pass through 

the sphere of reflection varies with the direction in which 

it approaches the sphere. The correction term has been 


shown to be 


sin © (a) 


iy = 
sin 20 Jsin C4- SLi 


for equi-inclination geometry, in which » is the equi-inclin- 


ation angle. This however reduces to 


L = ue (12) 


for diffractometer data collected by the 20 scan method. 

The term K is a scale factor for putting the |F|'s 
on an absolute scale. Usually scaling is done at a later 
stage of the analysis. 

Other physical effects upon the intensity are 
primary extinction, secondary extinction and absorption. 
Primary extinction is an interference process, caused by 
multiple reflection at a set of planes, which reduces the 
intensity of the beam as it passes through the crystal. This 
problem is not important, except in crystals which contain 
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= Fug g rather than Betis. 

Secondary extinction is a more serious problem, 
which arises when an appreciable amount of the incident 
radiation is reflected at a given instant by the first planes 
it encounters, so that deeper planes receive less incident 
intensity and therefore reflect with reduced power. This 
effect can be corrected for by a method proposed by 
Zachariesen which is described later in the thesis. 

The effect of absorption is to attenuate the X- 
ray beam as it passes through the crystal. The effect can 
be corrected for if the precise geometry of the crystal is 
known, since then, the exact path length can be determined 
for a beam reflecting from each infinitesimal portion of the 


crystal. Integration over the entire volume of the crystal 


gives the correction factor + 
Rese lexm (att +o dy (13) 
V al 2 


where V is the volume of the crystal, up is the linear ab- 
sorption coefficient and hy and he are the path lengths along 
the direction of the primary and diffracted beam directions. 
When the intensities have been corrected for these 
effects, structure amplitudes may be determined. The object 
of the crystal structure analysis then becomes one of finding 
the structural model which gives the closest agreement between 


the observed and calculated structure amplitudes. 
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The Phase Problem 
Since a crystal is periodic, its electron density 


distribution can be represented by a Fourier series 


i langle Pees bpagee : 
HOAX pV, 2) = Geni #0 Fue exoe (-2riihs aiky Ge) ¥z)) 
(14) 
or 
eo en), : 
sv 2) = a Bae ae Fix gl exp l-2md (hx + ky + hz - 


V is the volume of the unit cell, | is the structure 


Fie 
factor amplitude and 2M 9 is its phase. From the measured 
intensity data, the structure factor amplitudes can be ob- 
tained, but the phases cannot. The solution of the crystal 
structure then, reduces essentially to determining the phases 
of the structure amplitudes, since when these are known, the 
electron density within the unit cell can be determined from 
kaw ey 

The problem of determining the phases is simplified 
to some extent, in that it is not necessary to arrive ata 
solution for all the reflections at the outset of the analysis, 
but only for a large enough number of the stronger intensities 
to provide an approximation to the structure, which can then 


be used for calculating the phases of the remaining reflections. 


Several methods have been used to obtain a: solution 
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to the phase problem. The two that were used in this thesis 


Wila?now be described: 


ihevPatterson, Method 
The electron density in a unit cell may be rep- 
resented by equation (14). The relationship between that 


and the function 


: exp[-=21i(hu + kv + ow) ] 


P(u,v,w) 7 ep ee 


(16) 


was demonstrated by A.L. Patterson*'> 


Li) pixpyez) aaas 
peaks corresponding to atomic locations in the unit cell, 


then, will have peaks corresponding to the ends of 


P(u,v,w) 
vectors between all pairs of atoms in =o (x,y,Z) ,.radiating 
Prom ether onmigin. 

This is most easily seen for the one dimensional 


casé. Consider the electron density,at,the points x and x + u 
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This is the product of the electron densities at a chosen 
separation u for a location x which may take all values from 
O-to 1. -If we workerinh absolute tcoordrmatesi,) (fhen this is a 
separation U (= ua) for a location X (= xa) which may vary 
from 0 to a. The average value of this product when we 
allow X to assume all values within the period is given by 


the integral 
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The function will have large values if somewhere 
in the period a, there are large values of electron density 
separated by the selected distance u. 

Extending this to three dimensions, a peak at (u, 
v, w) in the Patterson function is related to the peaks of 
the ath and bth atoms in the electron density function by 


i age Opa 2 


= ea ik et ec ae If there are n 


a a 


atoms in o(x,y,z) then there will be ai peaks in the Patterson 


Miw 


7 ' : fe wr 
{alt ETOO Sw- (eI ergy 2 “ets at alas en 


bend - , 

re, vo whe 
A - } : ’ oe ia 

7 ; 
x ae ah / 
‘ : ‘ oy 
' ' 
rT 


= 


’ ; 7 
ars dwisimdie ik 26 ouiny apt af oh ie Like not: sont ‘aeT - a * 


aly ft pena 15 


wp 


uy ts ae # jamozenonth Sortie as 


— 


f 


t6 expe: ‘Bie od Rogol i evs ies on 
MD Tis uals ~~ Hie 4! lng 


is nk ett 
¢ 


a 


wd i t2q03: Votan Sb B nosoe le Sr 
ou ieee. f Woe ; 71 
a otis et + 3 


uy 
i 
% 


A x 


(St Iad odd ne e: 


ay mai é 


Plt Mi <i i) ly vy 


mp ee ae ak. ., 
il OU A re” renee 


a 
Ph 


uj i é 


Wt AO 


ya 1 aise Poth 
2:15: q 


hah) 
sted? a baled 


a ih b y ; 
Sad we 


/ | 
© 


= 


ate 


a 


ee 


sai 


4 


“sy 


a - 
aes lian 


ak 


oa 


. 


’ 3. ua 
i ite 
Pye ae ~ tt 
i+) ee ieee 
7 wy, 
z 4 iy 


17 


‘Eunction yy nm of which oceur-at—the origin. 

When n is small, it is often possible to deduce 
the correct atomic arrangement from the distribution of 
peaks in P(u,v,w), especially if the structure or some part 
of it is- known in advance in broad detail. However as the 
complexity of the molecule increases so does that of its 
vector pattern. This together with the increased possibility 
of overlapping peaks can make the interpretation of a Patterson 
mapra Gteeicule task. 

To make the identification of single atom-single 
atom interactions easier, the so called Harker sections may 
be used. Harker showed that certain sections or lines of 
the Patterson contained vectors related only by certain of 
the space group avaments*> For example if the space group 
contains ‘a two-fold axis, coincident with’-the b* axis*- then 
tf there is -an atom at.4x7y,2) there*wili’ be a crystalio-— 
graphically equivalent atom at (x, y, z). The vector between 
these atoms has the components (2x, 0, 2z) and consequently 
THeEre Wii bers maxtmum an PCa yyw at. the: point (2x,:°0%/:2z). 
There will be such a maximum in the plane y = 0 for each 
adurterent kind or atom in the crystal), and the’ x*and-z co- 
ordinates for all the atoms in the crystal can consequently 
be found by evaluating PCu;v;w) tomy = 0 only. Harker sum- 
marized the forms of P(u,v,w) best suited to the various sym- 
metry elements in the manner shown in Table l. 
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TABLE 1 
Forms of P(x,y,z) best suited to the determination of atomic 


coordinates in crystals having various symmetry elements. 


Symmetry Element Form of P.GivaZ) 


(a) Axes parallel to b axis 


(i) 2,4,4.,, 4,6,65,3,3,6, PAscy Oy Z)% 
(ii) 2474474376576. P, (x4, 14/ 25:2 ) 
(iid..) 3416576, Pi(stnal /43h)Z') 


(b) Planes perpendicular to b-axis 


(i) reflection plane m P(0,y,0) 
(ii) glide plane, glide = 1/2 a P(A 2% Yer:0) 
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contains at least one atom which is substantially heavier 
than the others. The height of a Patterson peak is directly 
proportional to the products of the atomic numbers of the 
atoms between which a vector occurs. Therefore vectors be- 
tween heavy atoms stand out strongly against the background © 
of heavy-light and light-light atom vectors, and the co- 
Ordinates of the heavy atoms can therefore be found very 
Ghten we thout] too michidiutitioultywic The-significance’ of: this 
is that the X-ray scattering will be largely dominated by the 
heavy atoms and so the approximation may be made that the 
phasesi:of the structure amplitudes are those which would be 
required for the heavy atoms alone. The coordinates of the 
heavy atoms may be used to calculate structure factors and 
phases and the calculated phases are then combined with the 
observed structure amplitudes in a Fourier synthesis, which 
should give an approximation to the electron density distrib- 
Wooton in; tie Ceil. “Prom;,cnis the positions: of the lignter 
atoms may be obtained which can be added to the structure 
factor and phase calculations and the process repeated until 


all atom positions are known. 


Direct Methods of Phase Determination 
In discussing direct methods of phase determination, 
various; forms: of the’ structure factor other: than Puke whdt 


be used and are best defined at the outset. The unitary 
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structure, factor Dy tele is given by 


F 
hk 2 
U = (18) 
hkg N 
yids 
jar ? 
where N is the number of atoms in the unit cell. This is a 


factor with the same phase as F but whose values range 


hk 
from -1 to +l. As N increases, the average value of |U| de- 
creases, and since the inequality and probability relation- 
ships to be discussed later require large |U|'s, their use is 
somewhat limited. 
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where € is an integer which corrects for space group extinctions. 


The advantage of using Enkg © is that the average value of 
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of the structure. 


is always 1 and is therefore independent of the complexity 


The origin of direct methods can probably be traced 


back to the work of Harker and Kasper on inequality relation- 
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ships>. By application of the classical Schwarz and 
Cauchy inequalities to the structure factor expressions, 


they were able to derive the seemingly trivial result: 
Ba rah ie 8 Re ak 
hk & y 


However on addition of the requirement of centrosymmetry, 


decidedly /nuon-triviel sesults were obtained , e,g 
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2h,2k,29) 


moich, 1f both U's are ates, ould require that Von, 2k,22 
be positive for the inequality to hold. Other inequality 
relationships can be derived for this symmetry element and 
for the addition of other symmetry requirements. 

Sayre used the self convolution theorem to arrive 
at an equation interrelating structure factors for crystals 
containing equal resolved atoms°. The self convolution 
theorem states that if a function is represented as a Fourier 


series, then the coefficients of the Fourier series of the 


squared function may be found from: 
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Thus an array of phases can only be correct if it causes this 
relationship to be satisfied. Although this relationship 

is valid whether or not the crystal possesses a centre of 
SYVMMEELY , / Sayre only used it for, the centrosymmetric case, 
It would appear from the equation that in order to determine 


the sign of F it would be necessary to know the magnitude 


hk 2 
and phases of all others. However, Sayre pointed out that 
in the centrosymmetric case, if a) is large, the series 
must, tend stronglyjan onevdirection (+/.6r -). The products 


which contribute most to this direction in the summation 
will be those between large | F | and so for the case of large 


reflections, we have 
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Fixg) ~(s (20) 
where S.is) ‘the sign .of', and - means probably equal to, and 


the suffix r means that the summation is carried out only for 


large |F 
This work paralleled the work of Karle and Hauptmann, 
who using the criterion that the electron density distribution 
had to be a non-negative function, derived a complete set of 
inequalities, which are valid for all space groups and em- 
braced the Harker-Kasper inequalities’. The inegualities 


could be written as a series of relationships which increased 
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in complexity. The first three were: 


F = a) (20) 
fexete) 
Faxes | - ee (22) 
F F 
F Hooke Ieee 
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It is this third inequality which parallels the Sayre relation- 
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will be r and the closer will be Fy to Pree / Pe oo Since 


k can be varied arbitrarily there will be many such relation- 


ships and it would be expected that F, would be proportional 
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to the average Fuek Eko , involving the larger |Fls, as. 
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which gives the same result as the Sayre relationship for 
centrosymmetric crystals if large structure factor magnit- 
udes are involved. 


Since F = |B,| exp(ig,) then 


on ~< o, + On-k Pee follows. £rom this. 


The Sayre relationship (20) can be expressed in 
terms of normalised structure factors, when it becomes the 


Zt, relationship of Hauptmann and Karle®. 
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This relationship is a probability relationship. 


The probability that the sign of E, be positive was given 


h 
by Woolfson” and Woolfson and Cochran’?, which when expressed 


in terms of normalised structure factors is, 
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Piews. + elationship<can be used in conjunction with this 


2 
probability formula to give a set of phases, for centrosym- 
metric space groups, which have a high probability of being 
COLEECL, 

For non centrosymmetric cases, the sum of the 
angles formula os On-k + o. > , May be used but it 
presents difficulties when the phase indications ere very 
different. 

It has been found better, to regard each phase in- 


dication as a vector’ of length IE, Ex | and direction 


LOA e a >.) and to add them vectorially. 
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From this we obtain 


r 
tan ¢ = “EE hak | h-k) (28) 


2, | ELE, _i| cos (>) + Lee 


sin (>, + > 


which is the tangent formula of Karle and Hauptmann’?, 

The Zt, relationship for centrosymmetric crystals 
and the sum of the angles and tangent formulas for non- 
centrosymmetric crystals all need a basic set of phases 
in order to use them for obtaining additional phases. The 
Karles have generalised the procedure for obtaining the basic 
set and extending them in both the centrosymmetric and non- 
centrosymmetric cases, using what they have termed 'the 
symbolic addition procedure'*“, 

The basic set used is composed of those phases 
necessary to fix the origin and some additional phases denoted 
by symbols corresponding to the large |E|. 

Three or less phases, depending on the space group, 
may be assigned arbitrarily, subject to certain restrictions, 
to specify the origin .< Consider the space group Py. Here 
there are eight possible centres which could be used as the 
Cra ginvor tre. cell. ~Changing the, origansatrects the phases 
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Changing the origin to the point (1/2, 0,0) say, the equation 


becomes 


eo cos 27 (h(x. + 1/2) + 


which is + Puke (0,0,0) for h even (e) or eee for h odd 
(o). By considering the other alternative origins in the 
Samegway yg yetais found that the structure factors gay he 
divided into eight groups that behave differently, according 
to the parities of h,k and g. This is summarized in Table 
2, for the eight possible origins. 

Reflections for which h, k and Qg are all even (eee) 
are unaffected by the origin shifts. These are known as 
structure invariants. They are determined solely by the 
structure and are independent of the origin choice, and there- 
fore can not be given values at will. All other classes are 
positive for four origins and negative for the other four. 
One member from one of these sets may be assigned a phase 
arbitrarily since this merely corresponds to selecting one 
origin set (+ or -) from the two possibilities, reducing the 
possible number of origins to four. The phases of all the 


reflections of this class are now fixed and no further choices 
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Variation of Structure Factor Sign with Origin .and, Parity 
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29 
can be made from this set. All the remaining classes how- 
ever (except eee) are positive for two of these origins and 
negative for the other two. Thus a reflection from one of 
these classes can be assigned a phase, which reduces the 
choice Of (origin to two possibilities.” A third PUFTSSei of" 
can now be chosen from another class and assigned a phase 
end this will assign the origin uniquely. However there are 
Gestts colons on this choice, in that 1b must |) be Linearlyin- 
dependent of the other two, i.e. the parity sum of the three 
classes must not equal eee. For example, if a reflection 
from the parity group (eeo) had been assigned a phase of +, 
inspection of Table 2 shows that the origin choices has been 
best. 'ctea to origins 1,3;,5 and 7... Now assigning a/pnase’ OF 
tecOua ster Leceion trom Ghe parity group (eoe),, further re- 
StLicus tne origin choice to l:or 5. (Now the assignment of 
a third phase is restricted to a reflection from one of the 
parity groups oee, 0e0, 00e or ooo, since if eoo is taken the 
parity sum of eeo + eoe + e00 = eee, which is not allowed. 

the above applves <o all primitive space groups who Be 
tnevelasses triclinic through. orthornombic. , Addition ‘o£ 
centreing merely places a restriction on the origin,e.g. in 
ws ashhs groun Core there are only four possible origin 
centres. Therefore any two reflections need be assigned 
phases to.fix the origin, but these must be chosen from a 
Class -for whichnteisjiodd. 


For the non-centrosymmetric case a further phase 
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must, be-assigned to) fix the enantiomorph’>. This gis 
assigned to an invariant and it must not be 0 ‘or 7. 

Along with the origin-defining phases, other re- 
flections with large |E| are given symbols as phases. These 
are used in the Eo or tangent formula to produce a set of 
phases in terms of these symbols. Usually relationships 
between the symbols appear during the process, so that at the 
end of the phase determining procedure you may be left with only 
a few symbolic signs unknown. In any case relatively few E 


Maps (Fourier maps in which the E are’ the coeflLicients) 


hky 
need be produced, from which if the phasing has been success- 
ful a chemically reasonable structure Ob part: Of aly structure 
can be found. 

Pion lL Vepdre sOr Coe Struceure 15 round Lt can be 
used to produce a Fourier from which the positions of other 
atoms may be found, as described at the end of the section 
dealing with the Patterson method. Another powerful tool in 
‘the location of missing atoms in the model is the difference 
POuri~er.9 Ihie sa Fourier in which. Ar!s (= pay ~ ae, 
are used as coefficients. Obviously this will be sensitive 


to errors in the model and so, if the model is incomplete, 


peaks will appear in positions where there are missing atoms. 


Least. sguares Relinement 
The positions of the atoms in the unit cell ob- 
tained by the above methods give a rather crude model. In 


order to determine the accurate structure it is necessary to 
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refine the atom parameters. A powerful method for doing 
this involves the principle of least squares. The principle 
of least squares says that, for a linear function with n 
variables (X) 1X5 rie oe xe whose value is determined by these 
variables and a set of independent parameters Pyeee Pye such 


Enc 
f= Pi] PoX5 Foose. + DLXLe (29:) 


then, if the value of the function is measured at m different 
points, the best values for the parameters Py-+-°P, are 

those which minimise the sums of the squares of the properly 
weighted differences between the observed and calculated 


values of the function for all m points. Thus the quantity 


to be minimised is given by: 
m 
P= Se. Ce ae (30) 


In order for this function to be a minimum, the derivative 


Of the right hand side must be zero. That is, 
m 3 Eo 
zy WwW (f0 > EO ) i= POP, iin 1,24 we sn} (31) 
a r t ai, 


substituting for fo and af, /ae., we obtain n equations 
5 on J 
known as the normal equations. 
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from which the best values of the p's may be obtained. 
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If the function is nonlinear, then it can be approximated 


as a Taylor series 


£ =f + 
(pyP5++-+P,) (a,a5---a,) 
of of 
(ajay----a) (p,-a,) +..-- (a,a5.-.-a,) (p.-a)) 
dp op 
: : (32) 
in which the Aj ++++a, are approximations of the Pye++-Py: 


ge (pj- ay) to (p,, cae) are given the symbols Apyee:- Api 


then if the os are a good approximation, the ae given by 


will be a closer approximation to P.- Miemorocess aisiiter- 
ative and eventually converges at the best values for the 
Various ps. 

In a crystallographic least squares refinement, 
the function being minimised is 


2 


Dee ae (33) 
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The weighting function Wee can be obtained from 


the standard deviation of the |Fo| since, 


paeeeet 
Wi ea 
° hk& 


so is defined on page 42 
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ahe, scale factor seis applredito Fo .sincesiiwit ie@aop tied 


to Fo the least squares process minimises D by reducing 


kFo| and |[Fce| to zero. This it does by reducing k to zero 
to remove |kFo| and by increasing the thermal parameters to 


reduce 


Taking the derivative of the right hand side of 


(33) and setting it to zero we obtain 


Fo) rie 
x WwW GC) BO ete ainuc [ar px ROM Rt SOI Fn 
nkL hkyz 5 


(34) 


Substituting tor kee sand PSUS SE WlEAVEC vin tie Or ofa 


Taylor series we obtain the n normal equations: 
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Bie Various) ap s “cai pe LOUnNd  Lrormr these equatTons = liese, 
wien added to the initial a"s will, give a better approxim— 
ation which can be used in the above process to obtain a 
still better approximation. The process is repeated until 
it converges. 

The above equations can be written in matrix 


rotation with 


aa =. bw dlewela ere! x. = ap, 
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where m is the total number of observations and should 
exceed n. 

For a more detailed treatment of the material 
in this chapter, the reader is referred to the following 
LeEXts? 
G.H. Stout and L.H. Jensen, ‘X-Ray Structure Determination", 
Macmiddan Co. , New York, 1966. 
M.J. Buerger, ‘Crystal Structure Analysis', Wiley and Sons 
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CHAPTER ONE 


TheiCrystal and. Moleciiiar Structures (of 


[Fe, (NO), (S,C,Ph,) ,]CHC1. 
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INTRODUCTION 
Transition metal complexes containing the 1,2- 


dithiolene ligands (1 and 2) 
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= TH aes 2 
R= H, CH, CFj, CN, C,H, 


MAS YS Bey S90H 
X =H, Y=2Z = CH 


have been extensively studied over the last decade, 14715 


Since the almost simultaneous appearance in 1962 of two short 


LGsAL/ 


communications concerning the synthesis of the neutral 


and dianionic bisdithiolene complexes of nickel 


ENSLCAGre( ON Joye, Woy. The interest in these compounds arose 


primarily from the chemical and structural properties of the 
‘“pure" dithiolene complexes. The bis complexes have been 


found to possess square planar geometry for a large range of 


Lo 25 


metals , and for any given metal and ligand the complex 


is capable of stable existence in more than one oxidation 


state. These are often readily interconverted by reversible 


one-electron transfer reactions a7. These ligands have also 


been found to stabilise the unusual trigonal prismatic geometry 


: ! 28-32 
in the neutral tris complexes . Again these compounds 
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undergo. facile one-electron transfer reactions although 
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it would appear that the reduced complexes are no longer 
trigonal prismatic but distorted towards octahedral co- 
ordination??'>>, 

In their investigations into the synthesis and 
characterisation of these and related complexes, McCleverty 


and co-workers isolated the complexes ROY, (ec een) atk 


which were found to possess several interesting properties>° °®, 
The neutral complex displayed two terminal nitrosyl stretching 
frequencies in the Srrigis state and in solution. The Mossbauer 
spectrum revealed :the presence of two distinct iron See ae 
The monoanion exhibited an E.S.R. spectrum in solution which 
consisted of a three line multiplet due to hyperfine inter- 
actions with only one en whereas a quintet would ae been 
expected if both N's coupled. 

From the Méssbauer data, a structure 3 has been 
tentatively put forward for the neutral complex which in- 
volves interaction with the solvent of crystallisation at 
one of the iron sites’?, However, it was by no means certain 
Ehat.cnis was in fect the vtrue structure ,/and so, in order 
to unambiguously determine the structure of the molecule and 
to try to explain some of the properties of both it and 
the monoanion, a full X-ray crystal structure determination 


of the neutral complex [Fe, (NO), (S5C,Ph,) 3] CHCl, was under- 


taken. 


“‘sepnod Gms 


ji a | |. a 
i , 


ads tee, ia<), 
aaghieeent ahede a 
ont re Oh, Sab Or 
yixoeve OME <RaKegoD ee bes ono? x0 ossraeh 


bre: aise in ave anl9 OS tt ae 


ee ra) 
L. (Tt E98) KOM) ath: sore qin eats botatont exertion 


: shaban istoVvse anoszeog oF bauor oxsw 


Fiotaenia tvtoutin fenkersed ows bsyalqeld 3 colgmoy inxs n 


vedaaimt of? ....codttefer at Bans sista hifoe sid mt eoton ne 


a 
, P ¥ <= s rae a ee ae 
hha Owe TOMAS ALD OW? 20 45nsae ety pie: bel s over’ witese 


=) ¥ > 
arte je z a 
he t we _ i a _ 
gortdiGs nt oiextoors .f-e.9 6 ‘potd kau y MOLABONOL 
I , { bet, . 


: rain ’ * so 4 , 7 “ 
teint enites¢wd of enh te latalyn oni t seit s to hbedebedes 
. 


*)} a 


a4 
ed 
eee 


ay 


> 


L : 
ased even bipow totuign s séenedw ee aie atiw 


7 =_—_ 


Db ebguos ett fitod tr bos 


roe nt &. 2x2wsous f jab yoretaree one Mor % 6 
N? / on 


~nt dpitv xelawoo icvigen, od? see Dae de tye eae 


te soissdaliacteyvss to casvios sab Attica stones 


a 
* , Ld r Qs > 

isd%ueo gosemt om Yo.ekW Jc .teveweh ‘ *nesie aoxt, off — 
‘ F y pa } Ca +e Ms 7 : 


| ey 
& . stegolwe ants Prine eae —_ ‘asi a 
| has, 
im 
au 


bus sinogiomads 2 Sxsrtow ¢i2 ons endmagsob “eben D: 
hae 


| ; oda). ie. onto, aisiaxe 0 
: a ns 


noitscinre2s> sigtyessa Letayia eae stu aati 
-josbnvt eaw _ foRo Le Coe i. We iia nee quEOS 


G 
? 
=, 
as 
a. 
pil? 
tw 
bi] 
yy 
bal * 
mi 
at 


‘ a rh 
ie we Da Maen 


¥ a o H 


a | 


“s 


40 


| EXPERIMENTAL 

Very deep purple, almost black, irregularly shaped 
crystals of [Fe, (NO) 4 (S,C,Ph,) 3]CHC1, were prepared by 
McCleverty and co-workers, by the action of nitrous oxide on 
[Fe (S,C,Ph,) 51, ine eold chloroform >!” ’. Attempts at re- 
Cryvctallisartou trom, chlorotormmy.s ted toswhatsappeared=to be 
triclinic crystals, but which on. subsequent examination by 
Laue photographs, proved to be powders. Consequently, several 
small crystals from the irregularly shaped batch were mounted 
on glass fibres and examined by Laue photographs until one 
was found which was considered suitable for data collection 
ands phoLographic, work. The dimensions of the crystal were 
Op so2eam x 0.14 mm x O.209rmm. 

Weissenberg photographs for the hkoO, hkl, and hk2 
layers and precession photographs for the hOg and Okg layers 


were obtained. These showed the Laue symmetry to be mmm 


and the crystals to be orthorhombic. The following systematic 


absences: 
(a). Ok? k + ¢ =, 2n +. 1. -= -implying an n glide perpendicular 
EO 
Ce Ove et to 2nd 1 = imo lvyindg am mn ¢lide perpendicular 
EOe 


defined the space group as either Pnn2 or Pnnm. 

The lattice parameters were obtained from the two 
ZELO layer precession photographs and the errors in these 
parameters were calculated by the method of Patterson and 


Love. THeSe results were: <a S21 .822) b = 21-2012); 
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c = 9.50(1). (The figure in parentheses gives the error 
in the last figure quoted). 

The experimental determination of density by 
flotation in an aqueous solution of potassium iodide gave 
arrange of »values)- from» 1,366: to 1.454-gms. ute with an 
average value of 1.42 gms. ene 

The calculated densities for a unit cell of volume 
4394.5 ae containing four molecules of complex and 0, 0.5, 
and 1 molecule of chloroform per molecule of complex were 
e359, 16448, andwl.538 gms. cm. ~ ‘respectively. Theliob- 
served density then corresponded most closely to one half a 
molecule of CHCl. per molecule of complex, but was obviously 
variable. 

The requirement of four molecules of complex in 
the unit cell places no restrictions on the position of the 
molecule in the unit cell for the space group Pnn2, but does 
dictate that the molecule sit either in the mirror plane or 
on the two-fold axis if the space group is Pnnm, since there 
are eight general positions in this space group. 

Intensity data were collected on a PAILRED auto- 
matic diffractometer using graphite crystal monochromated 
Mo Ka radiation and included the layers hkf for ~ = 0 to 8. 
Because of the small size of the crystal, the intensities 
were generally low, and a slow scan rate of 0.25°/min. was 
used throughout the data collection. The scan width, however, 


varied, increasing as the layer number increased. For 2 = 0 
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thevscan widtn was “123° “while ‘ror’? =e Pesavast2. DV La 
stationary background count for 100 seconds was taken on each 
side of the scan. 

Since the PAILRED diffractometer necessarily gives 
both the hkg and hk2 data, which are equal for the case of 
either of the two possible space groups, the two data sets 
were averaged before data reduction. 

In the data reduction process, reflections were 
Pe yecteqd on tre basis OL two /criteria: 

Cn) © fie 0 


Cy aL ei2o, 
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Zyleee 
where! [Si ste and > = [Eritrea Col) ] ‘ 


T is the total integrated peak count obtained in 
Bris the total backcround) countveptained! in time 
to, tis the catio t,/t, and the p term accounts for machine 
errors. Of the 2023 reflections measured, 638 were rejected 
in this way giving 1385 observed reflections. 

Measurement of three standard reflections at the 
end of each layer showed that no significant decomposition 
Cook? place during the data collection. 

Absorption was kept at a minimum by use of Moka 
radiation. Because of this, together with the irregular 
shape of the crystal, no absorption Maeduon was applied. 
The linear absorption Boater cent for this ccmpound was 
10.67 om: 77, 


Corrections. for Lorentz and polarisation effects 
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were applied and structure amplitudes and standard deviations 
GalcuLated. 

AC pehais?) stage of) the’ study)oit) was ‘quite clear 
that the data set would allow the determination of the gross 


structure, but that any detailed discussion of bond lengths 


would be precluded. 
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SOLUTION OF STRUCTURE AND REFINEMENT 

A Patterson map was computed, and inspection of 
the Harker plane at z = 0 and the Harker line at x = 0, 
vos O.. contirmedythe, space; group,.as,Pnn2,.. The.Harker plane 
at z = 0 contained peaks corresponding to vectors between 
atoms related by a two-fold axis, these being of the; general 
type (2x, 2y, 0). Both space groups would have given this 
type of vector. However, if the space group were Pnnm,: then 
additional peaks would have appeared on the Harker line, 
corresponcing to vectors between atoms related by the mirror 
plane, except for the case where both atoms sit in Bie mirror 
plane and have a z coordinate of zero. These vectors have 
EA OU OFM cay Ones). ~ 

The three possible situations that could have existed 
for the space group Pnnm were: 
(i) The molecule sits on the two-fold axis. -- The Harker 
plane would contain the intramolecular iron-iron vector and 
the Harker line a peak corresponding to the intermolecular 
iron-iron vector between the mirror related iron atoms. 
(43) «The molecule sits.in the piszor, plane. and.the.two: iron 
atoms are mirror related. -- The Harker line would contain 
the intramolecular iron-iron vector. 
(iii) The molecule sits in the mirror plane, the two iron 
atoms havang. zi =..0-butsdafferent.~and/or,y coordinates,» -- 
No iron-iron vectors would appear on the Harker line, but 


the Harker plane would contain four peaks corresponding to 
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an iron-iron intramolecular vector and three iron-iron 
intermolecular vectors, and these peaks would be arranged 

in a definite pattern. The iron-iron intramolecular vector 
Wowldwbe idbouki2ns +23.5 A from the origin. The other three 
peaks would be in a straight line which would be parallel to 
the line between the intramolecular vector and the origin, 
and would be separated from each other by the intramolecular 
iron-iron distance. 

The Harker line contained only one medium-sized 
peak 1.67 A from the origin. This clearly eliminated the 
first two possibilities Since this peak was too small and too 
close to the origin to be either an inter- or an intramolecular 
iron-iron vector. None of the peaks in the Harker plane con- 
formed to the pattern described in the third possibility. 

The space group was therefore taken to be Pnn2. 

Four of the veaks in the Harker plane were inter- 
preted as being due to the two iron-iron intermolecular 
veetorsyiof aheutype (2x m2y,00)e and=ttwomiron-—sulphur "image 
vectors", these appearing in the Harker plane, because the 
plane formed by the two sulphur atoms and the iron to which 
they were attached, lay parallel to the Harker plane. This 
S - Fe - S pattern is repeated at the origin as normal intra- 
molecular vectors. 

This na oes eee oe gave the x and y coordinates of 
the two iron atoms and two sulphur atoms, and the z coordinate 


of the sulphur atoms relative to the iron atom to which they 
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were attached. With the x and y coordinates of the two iron 
atoms known, the intramolecular iron-iron vector was easily 

found and from this, the difference in z coordinate between 

the two iron atoms was determined. Since there is no unique 
Originvalong. the.-two-fold.axis of the spacelgroup: Pun2, the 

Z Coordinate of one ofthe ironsatoms was fixed arbitrarily 

at 0.1 and was not refined. The z coordinates of the other 

three atoms were determined relative to this atom. 

These four atoms positions were used as input to 
aesceructureyifacter, calculation; which gave ayresidual R. factor 
of .0.472.. "The calculated phases were used to compute an 
electron density map, which revealed the positions of the 
other four sulphur atoms. 

Two cycles, of \refinement ,.using the positions of 
all eight atoms in the structure factor calculation, reduced 
these factor to. 0. 3138.at. whichspoint.~an electron, density 
difference map was computed, from which the positions of all 
the light atoms in the molecule were found. 

In order to reduce the number of variables in the 
remaining full matrix least squares refinement, and hence 
computer storage, the phenyl rings were refined as rigid 
bodies wath a CaC distance or 1.397 A and a C-C-C bond angle 
rehapmes BOA GPT 

In four cycles of refinement, with all these atoms 
included fsine. Bb Tactor: fell £6,0.153.., An electron density 


difference Fourier gave evidence of anisotropic thermal motion 


(m 


nmol 


a J a 1 SoA a) é vi 7 | haar 
iw . we i toni i : 
ate ows one ho aats Bes a 
; i 
Ty 


MERERE: on at are othe. sony 


af % 
ut 


i bese new ods seh noni igo 


avewsod ‘s2aitibiess s site 


St Beri ks preven oxew 4 

yi . : Q . es ah i ‘ub Ly 
ii te Deew o1sw enoitinog amoss 93 rn 
| aia 


i : J a 
re BH 
IF j Perris n & sade cfs $ ote ecu ae 7 Tee ers 
If an as ] > Sey FAA AOL tet HOLES — a5 a EIS in 
: ee 5 ha, = ‘ Lia ar ~— 
; - : : 4 ae a1) ‘ Vi 


ne Stugmc) at feel saey eenate kd taluot 8D ott # Sve 
S63;. 76 Ata ;. eee cars aris bBoksavaet io Eetye - 6m ysiecets : sox: ce { 


. emo autigt Be 300 2 i & 


to anokdleeg « prriaw . demeabhtan x9 aohoyo Cae pa 


2ebes L5G fst 9teIoy ase His wi ago, 
at ; 

ws < 

wires foxtgele n& Gateq daidw ds BLE. 0 vat 3 

7 Li ! ’ tad, 


PRET eos | ws 
nfa Mxt Ss . be tuqmOy salad 


} 
) 
. 
} 
F 
ot 
o4. 
7 
he 
e) 
nom 


sbayon ctew el efom ould ak es 

"| ay F rr —“ 

nt. eatic L tay 20 tecruin ait soube sof wbte 
; les eas 


on Dba. .  CCaiEAT, Te. ‘OTs ipe2 genet xbadaa da 
. ; ; ? 


Syl'g 


ee > 
ora * - = . “ 2 — 
bipis ep Seallex e2ew speit Sens ot yee a0 t2: 


. — : 
bned_2eo) «© Gas Abt 20 coastaih ‘op & pete eibe 


tom lanuedd sigexdesins tas 
‘ 


Me op 


F : 
y / 
f a 
ae i ae a 
' 
= | _ 7 


47 


on the part of the eight heavy atoms. Consequently, these 
were allowed to refine anisotropically and the R factor re- 
duced :o"0, 123. Inclusion of "the ‘hydrogen Ligid, bodies on 
the phenyl rings, in which the C-H distance was 1.0 A and | 
the temperature factors of the hydrogen atoms were fixed at 
a value 10% greater than that of ‘the carbon atom to which they 
were attached, further reduced the R factor to 0.114. 

An electron density difference map was calculated 
and showed no features consistent with an ordered chloro- 
form molecule. Two relatively small peaks (1.56e ne) were 
located in a pocket between molecules, having a separation 
of the order found between chlorine atoms in a chloroform 
molecule. These two were included in the refinement as 
chlorine atoms and, in accordance with the density experi- 
ment, were given half weight. The R factor converged to 
0.038. ‘The werghted R factor, defined’ as’ 'R 


IFo|)? y; Sele orage 


Bm baw (|Fo| - 
where w is a weighting factor, was 
0.124. An electron density difference map did not yield 
the positions of the remaining carbon and chlorine atom of 
the chloroform molecule, the residual density being mainly 
associated with one of the rigid bodies (0.94 electrons/A°) . 
This was assumed to be due to the variable occupancy and 
possible disorder of the molecule and the relatively poor 
quality of the’ data. 


The scattering factors for all atoms other than 


hydrogen in the above calculations were calculated from 
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Cromer's coefficients’*. The scattering factors for hydrogen 
were those of Mason and Rone sane 

Since, the space group. is polar in.the z.direction, 
the solution corresponding to the structure of opposite 
hand was refined. This solution was obtained simply by changing 
the.sign of,the,z.coordinate ofs.each.atom..,.The,R factor; con- 
verged to 0.099 with Ry =0.125..9 Homilton bagi showed 
that the hypothesis that this solution best described the 
correct, structure could be rejected at the 0.005 confidence 
level. This statistical test cannot be accepted at face value 
in,view of, the: poor. quality data,set. ,However, the dispersion 
effects are small in this structure and since only the gross 


features are to be discussed, an error in choice of handed- 


ness is not considered important. 
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RESULTS 

Table 3 gives the observed (|Fo|) and calculated 
(\Fc|) structure amplitudes (electrons X 10). The final 
atomic coordinates for all atoms and isotropic temperature 
factors for the light atoms are listed in Table 4, the aniso- 
tropic temperature factors for iron and sulphur atoms in 
Table 5. In these tables and all those which appear later, 
standard deviations in the least significant figures are given 
in parentheses. Interatomic distances and angles are listed 
in Tables 6 and 7. Table 11 gives the iron-sulphur dist- 
ances found in dithiolene complexes while the geometry of the 
cis-l1, 2-diphenyl dithiolene ligand is summarised in Table 12. 

A diagram of the whole molecule is shown in Fig. 2. 
A packing diagram of the contents of the unit cell projected 
ances cone, fa) (bi “plane ts shows ne Pig. 3. 
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Observed and Calculated Structure Amplitudes. 


(Edectrons. x 10) 
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TABLE 4 


Atomic Coordinates and Isotropic Temperature Factors 


Atom X y Zp B 
Fel -0.0043 (2) 0.23802) "i O72 L000 Bes Mey 
Fe2 00123 (2) DEI ot 2) 0.3600 (6) 3525 
Si ORE PTO (5) 0.1983(4) OAS OH, ORE he 
S2 0. 0169°(3) Ove te) 0.3246 (10) 4, 59,.% 
S3 0.0923 (4) 0.1154 (4) 0.0325 (10) Ay 
s4 0.0049 (4) 0.2226 (4) =Oe Oi a CLO) iat 
S55 =O FORO TCS) Or O65) O22 L000) ee is 
S6 0.0148 (3) 0.0869 (3) O2987 010) 4.0% 
Nl -0.0415 (11) D0 923 0u3S:) 0.0138 (30) DO) 
Ol =O. UO aC Lo) 0.. 0553 (14) =~). ,0695(53) DAIS) 
N2 0.0132 (12) OnercodiGl 2) Os5LG9.(23) Swe (6) 
O02 =050928( 1:3) 0.1766 (14) 0.6346 (34) 9.4(8) 
Cr OR ooo le) ee Past CESY) WePe ire es Gee) 329.16) 
C2 Gn0 23042) 0. 222CrZ) O 3229 (20) Sh oh 
cS OLS 613) 0.0674 (13) 0.2690 ,(29) 20016) 
C4 =O05 5013) One OZ Cee) Heo 209 (23) 4.0(6) 
(Ole) =0R00.02.(172) O25 69:012 ) Oj1254¢27) 32:16) 
C6 0.0910 (13) O..365.(13)) Oe BU2 (31) 326 (7) 
CL1 -0.2854 (14) 05 1730 (14) O.3456(38) 14.0(10) 
=O 594915) 0.1782 (14) 0.1966 (30) 12.4 (8) 


ba 


* 

These values are equivalent isotropic temperature factors 
corresponding to the anisotropic thermal parameters shown 
in Table 5. 
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to a*, the Z axis parallel to c, and the Y axis parallel to 
the line defined by the intersection of the plane containing 


a* and b* with the plane containing b and c. 
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Least Squares Planes 
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Some Fe-S Distances in Dithiolene Complexes of Iron 
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DESCUSD SION 

The geometry of the complex is shown in Fig. 2. 
the six “swlphur atoms form a distorted trigonal prism. ‘The 
distortion takes the form of the elongatior of two sulphur- 
Suepiuur dretances, too.) and 3.00 A from the average distance 
Om ons A found between the other sulphur atoms. Thus the 
prism has only two square faces, near the centre of which, 
sit iron atoms. Each iron atom is pentacoordinated, neglecting 
any iron-iron interaction, the coordination polyhedron being 
a square based pyramid in which the four sulphur atoms of the 
square face form the base and a nitrosyl group the apex. Both 
iron atoms are displaced 0.56 A out of the plane containing 
the four sulphur atoms toward the apical nitrosyl group. An 
alternative description is to consider the two basal planes 
of the two square based pyramids as being joined along the 
So-50 Line at «a cinedral angie morc Jl s5°: 

Despite the fact that both iron atoms have the same 
coordination polyhedron, the environment of each iron atom is 
distinctly ‘different. “One of the To Tene ligands is coord=- 
inated only to Fe2, while the other two are formally attached 
to Fel. However, one sulphur atom from each of these two 
ligands also forms a bond to Fe2, making these two ligands 
bridging. The bond to Fe2, however, is weaker than to Fel, 
and this is reflected in the different iron-sulphur bond lengths 


in the bridging system. The average Fel-S bridge bond length 


* 2 ° 
18 2.22 A while the Fe2-S bridge bond length is 2.34 A, signif- 
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icantly longer. 

Although both metal ions are formally electron 
deficient, and this would be relieved to some extent by the 
formation of an iron-iron bond, the internuclear distance of 
aeit'8 0 A in this compound is toward the long end of the range 
of iron-iron bond distances that have been observed in various 


45 


° 
complexes, ranging from 2.43 A in Fe, (CO) . (C.H Cee to 


5 EZ a6 Cy: 
2205 A in [Fe (NO) ,T],.°° It remains, therefore, a valid 
question as to whether or not an iron-iron bond exists in 
this complex. 
Dithiolene ligands acting as sulphur bridges between 


2- 


ironeitons have ailso,been.observed. in. the anion. [Fe C, (CN) ] 


a4 4°2 
whose structure was determined by Hamilton and Bernal. */ In 
this anion it was postulated that there was no iron-iron 
bond, interaction between unpaired electrons in the Fe(IIT) 
ions taking place via the sulphur bridges. The iron-iron 
separation was 3.08 A and Fe -.S bridge - Fe angle was 81°. 

Dahl et al have pointed out, eae the Metal = Bridge - 

Metal angle is sensitive to the presence or absence of a metal- 
metal bond. “® In complexes containing a metal-metal bond the 
angle tends to be quite acute, ranging from 68° - 74°, whereas 
in the absence of a bond they are much larger, usually close 
eo 90": Pheshisncompound,,..the.siwo, Fel. — Subridge —- Fe2 angles 
average 75.1° which is very close to that of compounds in 
which there is a metal-metal bond. 


It is concluded then, that the shortening of the iron- 


°o 
aaron aistance from the nonbonded contact”of 3.08 A in 
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[Fes ,C, (CN) 41,°7 torve2 Jk60 A together with the contraction of 
EiteiIehe Eats jbridgee- Fe arngile iiswarndicatiyexor tthe: presencel:of 
an iron-iron bond in this compound, albeit a weak one. 

The two long sulphur-sulphur contacts between S2 
and S4, and Sl and S3 must be considered as being due to re- 
pulsive interaction between these pairs of atoms. In the 
monomeric tris dithiolene complexes which have trigonal pris- 
Matic geometry, it has been suggested that interligand sulphur- 
sulphur bonding is a significant factor in stabilising the 


Paame any ewe ee 


If the sulphur-sulphur interactions are 
attractive, then this compound: could gainiiextra stability by 
Lonmatvonnot arftrigonals prism of) Satoms.) If the S2ie s4 
and Sl -—- S3 distances shortened to 3.1 iv the Fe - Fe distance 
would become 2.55 A witi Choawvoudid® note beMteo* short yYiPor. anii1roen— 
iron bond. Also, there are no steric interactions between 
phenyl rings attached to C3 and C4 with those attached to 
Cl and C2, preventing the sulphur atoms from moving closer 
together. The closest approach of two atoms in the above 
entitiesadis 3:43 ‘i between H12 and H32. It would appear, 
therefore, that interligand S - §S one as assumes its max- 
imum importance only if there is a single metal cation at the 
centrel of the! trigonal prism. 

There are two iron-sulphur bond distances in the 
complex. The iron-sulphur distances within the five-membered 
rings formed by the metal ion and the dithiolene ligands 


° 
average +2<.21l-A-which+yis similar to that, found»in,other di- 
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thiolene complexes of iron??? Ce This information, is 


summarised in Table 11. The iron-sulphur bonds in the chelate 
ring attached to Fe2 may be slightly shorter than in those 
attached to Fel, indicating more Fe - St-bonding in the Fe2 - 
Sl - S2 system,but differences of this magnitude cannot be 
distinguished with this data set. The other iron-sulphur 


fe) 
distance is the Fe2 bond length, which is 2.34 A 


e “bridge 
and definitely longer than any of the other iron-sulphur bond 
lengths in the complex. Ths VsLeuatLon/ is similar) to: that 
found by Bernal and Hamilton* / in [FeS,¢, (CN) 157, in which 
the: Fe,-— Phunage bond length is long to the sulphur atom 

which is part of the chelate ring attached to the other metal 
LON’. 

Thus the iron ions are not symmetrically bridged by 
the sulphur atoms, giving rise to two iron environments which 
agrees with the observation of two iron sites in the Mdssbauer 
spectrum. The coordination of solvent is definitely not re- 
sponsible for the difference between the two iron environments, 
as has been suggested elaewhere ) since the closest. approach 
Orsertner of the two -chiorine atoms -bo an .Lron,atom is.6.52 ae 

If this structure were maintained in solution after 


reduction to the monoanion, it could explain the observaticn 
ofthe triplet signal in ythe b.S. Re spectrum since it. is 
possible to envisage that the extra electron could be localised 
on one half.of the dimer, probably on Fel since it is formally 


the most electron deficient. If this were the case, then the 
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electron could only interact with one Lan nucleus, giving 
rise to a triplet signal. However, this would not explain 
the observation of one iron site in the Méssbauer spectrum of 
the monoanion** and probably. a, Separace crystal strucuure oF 
the monoanion will be necessary to resolve this problem. 

The average geometry of the 1,2-diphenyldithiolene 
ligand is similar to that which has been found in two other 


compounds in which it is present eee 


This geometry 
is summarised in Table 12. 

Also of interest is the mode of attachment of the 
BaoulLosyi group. Lhe nitrosyl aqroup has been “found to co= 
ordinate in both linear and bent manner. These two different 
types of bonding have been regarded as being due to the ampho- 
teric nature of No* ey Compounds in which the NO” acts as 
a Lewis base, donating a pair of o electrons to the metal 
using an sp hybrid on nitrogen, are characterised by M- N - O 
angles of 180° and short metal-nitrogen bond lengths due to 
extensive a back-bonding from the metal to the NO moiety. 
Compounds in which the No” acts as a Lewis acid, accepting 
electrons from the metal using an Sp- hybrid orbital, have 
oN +, O angles close to 120° and longer M - N bond lengths. 

on [Fe., (NO) ,(S,C,Ph5) 3], neither Fe - N - O angle 
differs significantly from 180°. The Fe - N distances average 
1 abo A and the N - O distance is 1.22 A. These distances are 
Similar to others found for iron-nitrosyl bonds where the 


nitrosyl is attached in an essentially linear fashion °1?11°2 | 
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Clearly in this compound there is significant 1 -bonding 
between the iron and the nitrosyl group. 

At the time this structure was determined, no other 
compounds were known which possesed this type of bridging, in 
which two dithiolene ligands chelating the same metal ion 
form sulphur bridges to a second metal ion. Recently however, 
the structure of dicarbonyl bis (triphenyl phosphine) tris 
(toluene-3,4-dithiolate) diiridium(III) was published?>. This 
compound contains the same type of dithiolene bridging and the 
variation of bond lengths ie the bridging unit is the same as 
in the iron dithiolene complex. The Ir - S distances from one 
ghidiaum to the bruidging sulphum atoms, which form part of the 
chelate systems attached to the other iridium atom , are longer 
toaneasl Other ir =— S. bend hengths. \There is no Ir — Ir bond 


an the compound andythexiIr “sirvangle is 98.4". 


5 “pridge 
This type of bridging has also been postulated to 
explain the n.m.r. spectrum of Mo, (tdt) . which indicates four 
dastinct ligand enconment es me This type of bridging may also 
be present in the two compounds [M. (PPh ) 4 (S5C, (CF3)5) 3] 


(M = Rh, Ir), prepared by McCleverty et Wes Since it would 
readily explain the Si n.m.r. spectrum of these complexes. 

Tae vspectrum consisted of two quartets (1; 3-: 3 +: 1) anda 
Singlet. The relative areas of these,signals are 1:1: 1 
which have been postulated as having arisen from three different 


pairs of cr. groups, two of which were mutually coupled. Two 


possibilities exist: either there are three chemically distinct 
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sulphur ligands in the compounds or the CF, groups are non- 


3 


equivalent in two of them. If the latter were the case, then 
the structure 4 could be postulated, with bridging dithiolene 


ligands of the type found in Fe, (NO), (S,C,Ph, ) 3], making the 


CF, groups in these ligands nonequivalent. It. is possible, 


3 


therefore, that [Fe. (NO), (S5C,Ph,) , 


of compounds having this type of bridging system. 


] is only one of a family 
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The. Crystal and Moleciwlar Structures Of 
1,2,4,5-tetraphenyl- 


3,6-dicarbomethoxycyclohexa~1,4-diene. 
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INTRODUCTION 


The photodimerisation of 3 carbomethoxy-1,2-diphenyl- 


cyclopropane 5 was carried out in this department by Dr. S. 


56 


Masamune and S. Takada™~ . Two products were obtained which 


H 
CO,C H, 


Ph Ph 
D 


~ 


were tentatively assigned eis- and trans- tricyclic structures 


Svan / Onvtnevbasis of thelr mcim.r. and Uv. ‘spectra. How- 


ever, these physical data are not sufficient to distinguish 


between the four symmetrical tricyclo[3.1.0.0°"* ]hexane and 


two cyclohexa-1,4-diene structures which are possible for the 


H,CO.c 
saad 
CH30,C : Ne! 
3 7 = 
LP 
Py, 
Ph H CO2CH, 
6 # 


two photodimers. The X-ray crystal "structure determinations of 
both compounds were undertaken to establish the stereochem- 
istry of these compounds and to determine the exact geometry 


Of the novel tricyclic systems. The crystal structure of the 
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tricyclic compound 7 will be discussed in the next chapter. 

Raman spectra of the two compounds in the region 
H600 - 1700 ning indicated that the assignment of the tri- 
cyclicistructures to 6 was incorrect. Both spectra exhibited 
intense peaks at 1600 cm? which could be attributed to the 
carbonyl group, while 6 showed an additional strong band at 
1680 aa a value consistent with the C = Cc ring stretching 
frequency of a cyclohexa-1,4-diene eeecciee The X-ray 
analysis of this compound was continued because the stereo- 
chemistry of the compound was still unestablished and also 
because the conformation of cyclohexa-1,4-diene itself has been 
the subject of some controversy. 

The photodimer may be either eyn= or antt- 1,2,4,5- 
tetraphenyl-3 ,6-dicarbomethoxycyclohexa-1,4-diene, if it is 
considered as being formed by the rearrangement of a tri- 


evyclac compound. 


in ‘addition to Geand /7 two other compounds 8: and 


9 could be formed in the photo dimerisation. 
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It can be seen then that 6 and 9 would rearrange to give the 
syn product while 7 and 8 would give the anti- cyclohexadiene 
derivative, assuming a photochemical mechanism. 

The conformation of cyclohexa-1,4-diene has been 
studied by various methods. Gerding and Haak assigned the 


molecule a planar structure with D symmetry on the basis of 


58 


2h 


its vibrational Raman and infrared spectrum Monsotori and 


Weber came to the same conclusion from rotational Raman cere 
The conclusions of Gerding and Haak were later confirmed by 
Sétaname te A more recent study by R.C. Lord and J. Laane in 
the far infrared region also favored a planar structure®®, 
Although the results of these investigations indicate that 


the planar conformation may be the most stable, they are not 


conclusive and cannot rule out the possibility that small 


amounts of a boat form with Coy symmetry is present, nor a 
form rapidly interconverting between COL and Con (chair form) 
symmetry through the planar D symmetry?’ , 


Ae 
1,4-Dichlorocyclohexa-1,4-diene has been found to 
have a measurable dipole moment of 0.3 D.U., indicating that 


in this compound at least the cyclohexa-1,4-diene ring is non- 


. e av 
ey . 
> = 
Val 
i 
- @ 
i 
ww 
sit 2 
’ 
r ~f ‘ re 
ci in =' I~ <7 
-- 
° 
, 7 & > Eom F 
ion ra 
AM ; 
-~/4 / ce + 
€ t we a 
“4 PS EUU DA aod 
t ; -e0 
‘- a Fare om 
Ls fi .u Dre Be 
“ 
98 
oe ? 4 “ect 
. ee SES 
- Sov * 2 ov _ 
i } Be = i I... ee 
- m' Sy 
, ~ 
r a « * f 
, b 
ef PA } i r * 
“" at ie} 4 2 
a wae 1 4 a >| ia 
— > eo Sao 
tishio)}) 29 Oa 
- 

* 
oy} : . y a | ee ee 
ee | 2 wold. 4457 sR i ae 

4 etal ++ r 0 
> Wiad ae eee 
* — 
— oe t a2 
“~fIOlm 2a Onis 
. 
=. 7 


ba 


{reBeog eri.4 


0.4 vd vbuste sasper a 


pr wah 
* ee ae a¥ 
¥ 
ab wots 
A =~ 
oye (Gee Seg 
w 
y ot 


432 oe 


has 39 tes: 


ratlal ov 7o. 8 Liseotao3 edt iv 
nN ; ay % 
omnis? .eboddest avoin 
+ ittw sigeSuute tan 
R za ‘ zs ba _ . a Pais 
ce fi bos ens fanoigs cd iw 
== 
ost neltauloqeo emke mit ox on Bo rtode 
, aH bas or bbusa. to exole 


7 wv wee 
aor rie “bower te ; eg 


wh 


Syarnacct! Dipole moment measurements on cyclohexadiene it- 
self suggested a small dipole moment, but the experimental 
error was too large to distinguish between the planar and 
boat gonformat ions: 

Herbstein concluded, from calculations in which the 
angle strain and steric interaction between hydrogens was” 
minimised, that the boat form was the most stable conform- 
auton, and *that the “dihedral tangle’ "between the ‘two’ halves 


was approximately 140°°3, 


However, Favinir etal, taking’ a 
similar approach, but introducing an extra factor, due to 
tors voral strain ‘from rotation around single’ bonds, found ‘that 
the planar conformation was the most Seah Ort 

Two electron diffraction studies of cyclohexa-1,4- 


pry bla Dallinga and Toneman®” 


diene have been carried out 
considered chair, boat, planar and skew conformations in the 
initial stages of their refinement, but since the refinement 
of the boat, skew and chair models did not converge, only the 
planar model was pursued to completion. The conclusion they 
drew from their calculations was that the molecule was es- 
sentially planar but that other conformations, especially the 
chair form, could not be precluded with certainty. However, 
the suggested deviations from the plane were < 0.05 A. 

On the other hand, Oberhammer and Bauer, obtained 
a structure with a boat conformation. The dihedral angle 


between the two halves of the molecule was 159.3° corresponding 


° 
to a -deviation of 0.23 A from the diene plane for the methylene 
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type carbon atoms. 

Crystal structure determinations to date have not 
been very helpful in resolving the problem. The crystal 
structures of 1,4-dicarbomethoxycyclohexa-1,4-diene has been 


C175 The molecule was found to be 


determined in two forms 
planar, but due to the poor quality of the data, small devi- 
ations ‘from planarity would not have been detected. However, 
Since the molecule occupies an inversion centre in the unit 
Celliy Le Es derinucely not "in the “boat conformation, unless 
disordered. The structure of 1,4-cyclohexadiene-l-glycine 
was also found to be planar within experimental errdncal but 
again, small deviations from planarity to either the boat or 
chair form. couldinot be detected. 

In view of the contradictory conclusions arrived 
at regarding the structure of the cyclohexa-1,4-diene ring, 
the X-ray crystal structure determination of 1,2,4,5~-tetra- 
phenyl~-3,6-dicarbomethoxycyclohexa-1,4-diene was undertaken 


in order to provide additional evidence concerning the planar- 


itvesof thrsiringtsystem. 
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EXPERIMENTAL 
1,2,4,5-tetraphenyl-3 ,6-dicarbomethoxycyclohexa-l, 

4-diene crystallises as transparent needles. A suitable 
crystal was chosen and examined by photographic methods 
(dimensions 0.125 mm x 0.07 mmx 0.07 mm)... Weissenberg 
photographs for the hO2%, hl& and h22 layers were obtained 
together with precession photographs for the Ok&% and hkO 
layers. The Laue symmetry was found to be 2/m and the 


crystals to be monoclinic. The following systematic absences: 


(i) hke Pee keS Yee Vhs a implying a body centered cell 
Gai) hog eh =) 2ry +.) implying an a glide perpendicular to b. 
defined the space group as either I2/a which is centrosym- 
metric or Ia which is non-centrosymmetric. 

The lattice parameters were obtained by the least 
squares refinement of the 20 values for several high angle 
reflections, these having been accurately measured using a 
PICKER manual four circle diffractometer. The results ob- 
Deeined were: War I20).0 5270) 4m DIES BRS. (is ioc 122557820); 
and g = 95.73°(1). 

The density obtained experimentally by flotation 
in aqueous potassium iodide solution was 1.26 gm cm >, while 
the calculated density for four molecules of molecular weight 
400 in a cell of volume 2616.24 ae was 1.27 gms com>, The 
density therefore requires that the molecule occupies a special 
position, either on the two-fold axis or on a centre of sym- 


metry, if the space group is I2/a, while there are no restrict- 
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gons 2f the space group is Ta. 

Intensity data were collected on a PICKER manual 
diffractometer uSing graphite crystal monochromated CuKa 
radiation, the crystal being mounted with the b axis along 
the @ axis of the diffractometer. The intensity data were 
collected using the coupled w/20 scanning technique. The 
scan width was 2 with a scan rate of 2°/min. and a 20 max- 
imum of 120°. A stationary background count was taken for 
30 seconds on each side of the scan. 

Before the data collection was complete, the crystal 
was inadvertently lost, and it was necessary to comolete the 
intensity measurements with a second crystal. The intensities 
of six neflections jwerejmeasured periodically throughout the 
data collection and with neither crystal was there any evid- 
ence of decomposition taking place. | 

During the data reduction process, reflections were 
rejecucimit iu, 0 10Or ib Tic roo. worestne: 1940) reflections cok= 
‘lected 875 were rejected in this way, giving 1065 observed 
reflections. 

An absorption correction was not applied, the linear 
absorption coefficient for this compound being only 6.67 em, 
The data were corrected for Lorentz and polarisation effects 
and structure factor amplitudes and standard deviations cal- 


culated, using an uncertainty factor /° Jey Seca O jee ORG ge 
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SOLUTION OF STRUCTURE AND REFINEMENT 

The structure was solved by direct methods using 
the programmes” FAME and MAGIC, to produce E~statistics and 
to carry out the symbolic addition procedure, sprayer abcess 
Since MAGIC was not programmed to carry out the symbolic 
addition procedure for a body centred cell, it was ee 
tEvcse.OL raps. tO) trensform the indices of the: reflections’ Eo 
those of an A centred cell which had common [a] and [b] axes. 
This was accomplished by means of the following transformation 
matrix: 


h Tee Oe his 
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© 
_ 
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k 
PACTS | ey LE AT 

The cell parameters Fox the A centred cell were 
? UO 52S Ct. 15. 756% SOS] Slo es Snip aoe. This cell 
was not used in the subsequent refinement because of the very 
large 8 angle. 

Normalised structure factors were calculated, using 
the method described on page 20. The distribution of the norm- 
alised structure factors is dependent upon whether or not 
the space group is centrosymmetric. The distribution ob- 
tained is shown below and compared with the theoretical values. 

The distr ebution, for this Structure is an -very 
close agreement with the theoretical distribution for a centro- 
symmetric Space group and from this point on the space group 


I2/a (A2/a for FAME and MAGIC) was assumed to be the correct 
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This Centro- Non~-centro- 
Structure symmetric symmetric 
<|E|> 0.820 0.798 0.886 
<|E|*> 0.988 1.000 1.000 
24 | Et? -61|> 0.958 0.968 0.736 
Percentage |E|>1 28.45 32.00 37.00 
Percentage |E|>2 4.77 5.00 1.80 
Percentage |E|>3 0.39 0.30 0.01 


one. 
Woolfson has pointed out that the greatest weakness 
of the symbolic addition method is in the early stages of 
its application, when single sign relationships must be relied 
upon to determine new signs/+. For this reason, the initial 
input to the symbolic addition programme MAGIC consisted 
only of those reflections with very high E values (greater 
than 2.0), since any relationships between these will lead 
to new signs which have a high probability of being correct. 
The following seven reflections which were of large 


|E| were assigned symbols and used to initiate the symbolic 


addition procedure: 
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i2/7a A2/a E Symbol 


aor 2 LS Oe Cee SA | A 

Se ao ae Be Eg Be) 2/09 B 
Or eS ye 2 omy Ea 4.046 Cc 
14 2 6 LAT 2. 28 S704 D 
LS ae 5 OT ay cae 21068 E 
Come aclo Pike 6) elit] 3.700 F 
ao iO 2 =—301 5 » 3.244 G 


A new phase was not accepted if the probability of 
it being correct was below 0.990. After several new phases 
had been determined, this criterion was relaxed slightly 
but the acceptance level was not allowed to drop below 0.987. 
Twenty-two new Signs were determined bringing the total to 
BOE beseevere museca vic 8tput com melCyusang the ciull ser 
of data with |E| > 1.500. The probability acceptance level 
was set initially at 0.990 and allowed to fall slowly as the 
Sign determination proceeded to 0.982. 133 more signs were 
determined giving a total of 162 phases determined in terms 
of the seven starting symbols. 

Throughout the determination, relationships between 
the symbols became apparent. For example, if a sign was 
determined as +A with a probability of 0.9 and also as +B 
Witt a probapliity of 0.8, then there isdn indication that 


RB is positive with a probability ‘of 0.72. ‘These relation- 
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Ships, are summarised below: 


Symbol Number of indications Number of indications 
Otasawech probability — ofa awsi theorobability 
2 0.90 RU, a) 
a) Oo CEE, S 0 
Gog CLG As 0 
Soe oe 2 Zz 
4. + BCDFG 0 3 
5.  ADEFG i 87 
6. ACF 0 | 2 
7. ACDEG 0 : ae 
8. ABDG 4 ~~ 
itewas-obvaous) that,only relationshs.ps.5, ,;ADFG,=.-, 
ends / in ACDEG) --, could,be, used. with, any, confidence, to, reduce 


the number of possible solutions to a manageable number. Re- 
Peet iOonsar? 2 22 and —9 3:21 (A2/a) were used to determine 
the Origing,both being Given. +.signs....This),,of. course, made 
symbols A .and © both, positive,.so: that.crelationships. 5... and 
/ . ceduceds to,.DFG =,-. and. DEG.=-.. Therefore,. F. and. E. were 
of the same sign. -B remained unknown. Using the above re- 
lationships between D, F and G and placing no restrictions 


on B, a total of eight possible solutions was obtained. 


These are given in the table below: 
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Solwti on A B C D 1 F G 

Number 
Ae ta + a - + - se 
oe + ee + “ — 75 os 
2 oe ~ + - 1 + + 
4. +t - + = se + ~ 
oe + + + + - _ 1° 
G. +: tr + = = = = 
Aes af — + +: - _ + 
8. + S = = - 2 = 

From the less certain relationship BCDFG = -, B = 


+ was obtained, and so the three dimensional E maps (Fourier 
maps in which the E's whose phases had been determined were 
Used aes coerticients) Tor solutions 1, 2, Stand 6 were .com- 
puted first. 
in the.— map cormresponding to solution. 2. ,.1.¢e. 
A= B= C= D = F = +, G= =, a six-membered .ving occupying 
a centre of symmetry at the cell origin was easily detected. 
Further inspection of this map revealed the positions 
BL ca Lh the nineteen carbon and oxygen atoms in the asymmetric 
unit. The coordinates of these atoms were used to compute 
structure factors using scattering factors for carbon and 


oxygen calculated from Cromer's coefficients. A residual R 
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factor Of 0.273 was Obtained which reduced to 0.097 after 
three cycles of full matrix least squares refinement. 

An electron density difference map computed at this 
point in the refinement revealed the positions of all the 
hydrogen atoms in the asymmetric unit apart from the three 
methyl hydrogens. | 

These eleven hydrogen atoms were now included in 
the structure factor calculations and least squares refine- 


ment, their contribution to the overall scattering being 


=_- 


calculated from the scattering factors of Mason and Robertson? 


BWoeeyCcics OL relinement 1reducea the” R”  ractor to 0.062, 5but 
the positions of the hydrogen atoms of the methyl group were 
not resolved in a difference Fourier calculated from this 
data. The difference Fourier was recalculated using only the 
data with’ sin @6/7A < 0.35, since this data is more Sensitive 
to the light atom positions than the high order reflections 
because the scattering power of the light atoms falls off 
more rapidly than that of heavier atoms as sin @/A increases 
and the high angle data are particularly sensitive to errors 
in thermal parameters. From the resulting difference map 
the positions of the three hydrogens were located and in- 
cluded in all remaining structure factor calculations and 
least squares refinement cycles. 

| In two more cycles of full matrix least squares 
refinement the R factor fell to 0.070 and an ieee aaa density 


difference map calculated at this point gave evidence of 
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anisotropic thermal motion for many of the carbon and oxygen 
atoms. Consequently, the carbon and oxygen atoms were allowed 
to refine anisotropically and in four more cycles the R 

factor converged at~0.043. 

Inspection was then made of the observed and cal- 
culated structure amplitudes, where it was seen that the ob- 
served structure amplitudes with low sin 6/A and relatively 
large magnitude were consistently smaller than the calculated 
sebucture factors, indicating that the crystals suffered from 
secondary extinction and that a correction was necessary. The 
calculated structure factors were modified bycEneacermn 217 
Tomi oO) <) Geil) Suggested. by Zachariasen’-. I was the 
raw intensity, C was the secondary extinction parameter, which 
became a variable parameter in the subsequent refinement, and 
B(26) accounts for the angular variation of the extinction 
correction. This latter term could be split into two compon- 
ents, a polarisation term and an absorption term. 

4 


oe cos” 20m) (cos? Bomer COG. 20) S Ax 620) 


ees 26m - cote 20) ¢ A* (0) 


B (26) 


where 28m was the monchromator angle. The second term was a 
PaAelo).Of absorptzon, factors, atw20 and at 20,= 0. ,...Since ab- 
sorption was negligible in this crystal, this ratio was as- 
sumed to be 1 and the calculated: structure factors were cor- 
rected for the polarisation part of the extinction correction 
Only. 


When this correction was applied, the refinement 
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converged in two cycles to Ry = 0.040 and Ry = 0.042, The 


largest peak in an electron density difference map, computed 


‘ @) 
murene- end of tne refinement, was_0.17 electrons per es 


Of the 162 phases determined with the Lo re latLon— 
ship, only four were incorrect, and these all occurred in the 


later stages of the sign determination. 
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RESULTS 

The observed (|Fo|) and calculated (|Fc]) structure 
amplitudes (electrons x 10) are listed in Table 13. The 
final atomic coordinates for all atoms and isotropic temper- 
ature factors for the hydrogen atoms are given in Table 14, 
the anisotropic temperature factors for the carbon and oxygen 
atoms are listed in Table 15. Interatomic distances and 
angles are listed in Tables 16 and 17. 

A diagram of the molecule is shown in Fig. 4, anda 
packing diagram with the molecules projected on to the [a] [c] 
plane is shown in Fig. 5. Some selected views of the molecule 


along certain bonds are given in BOA ci Ole 


O2 


Tabac 3 


Observed and Calculated Structure Amplitudes (electrons x 10) 
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Table 20 


Least Squares Planes 


(1) PAtemsnacemmingsaplanes sGlg .C2 9C344CL" . 2 4gcca’ 
Equation of *plane. a0g1449x + 0.9867Y — 0.074127 ='0 


° 
Distances of atoms from plane in A 


Gl -0.012 (3) 
G2 0.011 (4) 
¢3 -0.012 (4) 
ei. 0¢082¢3) 
€2* -0.011(4) 
Car 0.012 (4) 


2 : 
% = 62.46 - Hypothesis that these atoms lie in 
the least squares plane can be rejected at the 99.93 


confidence level; 


(2) Atoms defining *pWane.. “Cl ez. C2' 
Equation, of plane... '0 16a. 9938Y =- 0.07682 = 0 
Distances of atoms from plane in A 
CGC 25. Clee Cay Oru 


° 
Distances of other atoms from plane in A 


Cs =O US RCs) 
C3" 0.037 (4) 
(eam -0..001(4) 
C2 -0.044 (4) 


(Continued on next page) 
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Table 20 continued 


Cie tome, cerining plane, C3. C4 0}, (027 (C5 
HGuatLToOn Or plane. -O,4420x% +0 (1457-407 8893:4) — 024970 
= 0 


° 
Distances of atoms from plane in A 


63 -0.044 (3) 
C4 072023°C3) 
ol 08007 (3) 
O02 02039 (2) 
C5 02186 (6) 


(ee econs, aerining plane. SCL Ci2 03 D3 (Cla ‘Cis Che 
EGuatven, Gf pllanec. 0.6¢/5% 4+°074693Y — 0.60052 + 
0.1848 = 0 


° 
Distance of atoms from plane in A 


Cost -0.002 (3) 
Oi 0.003(4) 
Crs -0.004 (4) 
C14 0.003 (4) 
Cis -0.001 (4) 
C16 0.001(4) 


(Continued on next page) 
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Table 20 continued 


3 
Distances of other atoms from plane in A 


H12 0.05 (4) 
H13 07024) 
H14 0.03 (3) 
H15 0.02 (4) 
H16 -0.02(3) 


(Syecocoms derining plane. C280 /C22(3023) "C24 C25 C26 
Eauation of planez] -0.82392050 04AL39yY -— 0.38127 -+ 
0.321309F(0 


ie} 
Distances of atoms from planes in A 


C2b =07, 003)G3) 
C22 0.005 (4) 
G23 -0.004 (4) 
C24 0.000 (4) 
C25 0.002 (4) 
C26 0.001(4) 


° 
Distances of other atoms from plane in A 


H22 0.04 (3) 
H23 20.03 (4) 
H24 =U oS: (23) 
H25 0.02(4) 
H26 -0.01(3) 


(Continued on next page) 
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Pee et imuntep bane.) Cl, CoCo sei a Olt. Cat 


Equation of plane. 0.1462xX + 0.9871Y 


= 0 
Distances of atoms from 
C3 


Cz 


€3' 


° 
plane inA 
Ors 
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Table: 22 


A Survey of Literature Values for 


Cr="C and abs 


Compound 


4-~Diethyl carbamoyl- 
-~l-cyclohexene-5- 
Carboxylic} acid 
Cyclohexene 


Bicyclohexylidene 


Cyclooctatetraene 
GarboxyJi.clacid 


Octapheny li cyclo- 
octatetraene 


Ci5,Cis ,Crs—-1 4.07 
cyclononatriene 


iyvoropromige Of 1-p- 
(2-Dimethy Lamino- 


ethoxy-phenyl) ~-1l; 2-cis- 


diphenylbut-l-ene 


'Sn02-Diethy1—-2eS"7 ,13¢9 


17,18-hexamethylcorrole 


Tazettine Methiodide 


1,1-Di- (p-nitropheny1) 
ethylene 


Cyclohexa-1,4-diene 
Cyclohexa-1,4-diene 


1,3-Cyclonexadiene 
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Fig. 4 
A-Perspectivesview of the l72,4,5stetraphenyl- 


3,6-dicarbomethoxycyclohexa-1,4-diene molecule 
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Biga.) 


Contentsaof theeUnit Cell Projected onto the™al[b]¥ Plane 
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A Selection of Newman Projections: 

(a) theoretical view down C2-Cl for slight 
chair conformation 

(b) actual view down C2-Cl (exaggerated) 

(Cc) down C3—C4 

(ad) down O2-C4 

(e) down C5-C4 virtual bond showing partial 
staggering of hydrogen atoms with respect 


to carbony?l-oxygen 
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DISCUSSION 

The molecule is shown in Fig. 4. It crystallises 
with the cyclohexadiene ring occupying a crystallographic 
inversion centre, with the plane of the ring almost perpen- 
dicular to the b axis. Because it occupies an inversion 
centre, the compound is necessarily antt-1,2,4,5-tetraphenyl- 
3,6-dicarbomethoxycyclohexa-1,4-diene and any deviations from 
planarity of the cyclohexadiene ring lead to a chair nota 
boat form. | 

The double bonds in the cyclohexadiene ring have 
a length of EOYs pe while the single bonds average 1.518 A. 
This is not in particularly good agreement with the geometry 
found by Jandaceck and. Simonsen, who obtained average bond 
lengths of 1.347 A and. 1,485 A for the double and single 
bonds respectively in the cyclohexadiene ring of 1,4-cyclo- 
hexadiene-l-glycine®?. However, the large standard deviations 
on the bond lengths in their structure render the differences 
insignificant. The results are, however, in good agreement 
with values commonly found in the literature. A survey of 
twelve structures containing unconjugated carbon-carbon double 
bonds and ten containing C(sp°) = C(sp*) Single bonds, gave a 
range of values from 1.312 A bogh.347 A with an average of 
1:333 A for-the double bond, and 1:485°A to 1.523>Aewith an 
average of 1.509 A for the Single bond (Table 21). The double 
and. single bond lengths ‘in the cyclohexadiene ring can  there- 
fore be taken as normal. The bond angles within the cyclo- 


hexadiene ring are essentially the same as those found by 
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Jandaceck and Simonsen. 

The exocyclic bonds to the phenyl rings have lengths 
Pesvleand 1.502 A Woleh 1S’ Similar tovthat. found 2a two.2n= 
dependent structure determinations of octaphenyl cycloocta- 


fcusai and in hexaphenyl Benzene where the exocyclic 


Cetracne 
bond lengths to phenyl rings average 1.50 A. The angles that 
these bonds make with the double bond of the cyclohexadiene 
rang OF 124.4° are Slightly larger than those normally found 
around sp- hybridised carbon atoms. The widening of this 

bond angle serves to decrease the intramolecular repulsion 
between the eae rings. A’ similar Situation is again’ ob- 
served in octaphenyl cyclooctatetraene. 

Both the phenyl rings are planar within cs eae 
error and the hydrogen atoms associated with them all lie in 
these planes. The average C - C bond length in these rings 
se less: A ands thenc — HH bonds lengiim is 0599 A. The average 
oc — Cyangieris 120%0- and tnievaverage EH = C= C angle 
Pom Cl) Get OL Which ore sVely Croce  tOraiceepted, values «ihe 
pieny ly rings are rotated by angles Of 752.2° “and 538.7") re- 
spectively from a position which would be coplanar with the 
plane containing the two ethylenic bonds. 

The preferred conformation of the ester group with 


the C = O, synplanar with respect to the Cy stAGh aaa cVayelclh ina Arc yn 
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Wiel tie L@ersion angle Ci. = Cy - C= O-eougl i tolor close to 


B 
sere cannot be attained in this compound because of 
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steric interference by the phenyl rings. This steric inter- 
ference causes the carbomethoxy group to rotate about the 


Cy = C5 bond, sawing. avtonsion angle yof 45.9% for Cy! = C3 = 


Cy a to what is perhaps an optimum position, minimising 


4 LY 


intramolecular interaction between the two oxygen atoms and 


the phenyl rings and intermolecular contacts between 07 and 


the phenyl ring attached to Cy! one unit cell beneath it. 


At the same time these forces affect the geometry at C3 


SE vet ATIC LENG. om Cog ise OG: ck, ce. aca nd Lay 


2 Sg 4 
smaller than the 108.4° angle of Cy = C2 ~ Cy. This . re- 


duces intramolecular contact between 0, and the phenyl ring 


attached to Ci! but increases that between 0, and the phenyl 


ring attached to C This may account for the greater rotation 


2° 
of this phenyl group with respect to the plane containing the 
ethylenic linkages. The bond length C3 = Cy Pie eo, A 
WaLeonmLS O02 =. O03 A longer than that commonly observed in 
the literature for this type of bond. No satisfactory explan- 
ation can be provided for this, other than that once again, 
the lengthening of this bond reduces intramolecular non-bonded 
interaction between the phenyl rings and the carbometnoxy 


group. The position thus taken up by the carbomethoxy group 


is such that the minimum intramolecular contact between O 


2 
° 
and phenyl sing 2 is 3.090 A between 0.5 and Coys and that 
between 0, and phenyl 1' is 3.360 between or and Cia: The 
closest 0, -phenyl intermolecular contact is 0, i Hig! of 


° 


2.54 A. 


The bond lengths and angles within the ester group 
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are similar to those found in the literature (Table 22). The 
group is close to being planar, but the deviations from the 


best plane through the five atoms C Cyr Ox Or, Cer although 


al 


° 
Sma, sore tse qrirveant- lable 3); wilt Of Lyng oO" eo A out 


5 
of this plane. The carbonyl group does not eclipse the metnyl 
group, the torsional angle 0 = C - O ~ CH, Cerige Ot Serands ere 
hydrogens of the methyl group are only partially staggered 
with respect to the C = O bond. Thus the carbomethoxy group 
does not take up the accepted conformation for primary. 


evade probably due to the intra- and intermolecular 


esters 
forces acting upon it. 

The cyclohexa-1,4-diene ring has small but signif- 
icant deviations from planarity (Table 20), each of the six 
eacvonss Lying! 02094 to= 030n2 A out of the least squares plane. 
If we define the reference plane as the one containing the 
Fours Olerinie Oo eae carbon atoms, then the deviation of the 
methylenic (ae), carbon atom from this plane is 0.037 o 
‘The dihedral angle between the plane formed by Cc, C5 ae and 
that py Cy Cc, Cy C,' is 177.4°. This agrees well with the 
electron diffraction work of Dallinga and Toneman®>, who re- 
fined a planar. form of the’ molecule to completion but ‘could 
not rule out the possibility that other nearly planar con- 
formations, especially the chair form, were present, with a 
maximum deviation from the plane of 0.05 an The results are, 


however, in disagreement with the electron diffraction study 


of Oberhammer and pauerces who concluded that the molecule 
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had a pronounced boat conformation. 

However, one must always be cautious when extrapol- 
ating results obtained from solid state studies to molecules 
in the liquid or gaseous phase. While the cyclohexa-1,4- 
diene ring in this structure is not severely constrained, as 
it would be in a fused ring system, the question remains as 
to whether the slight chair conformation is a preferred con- 
formation, or whether it is imposed upon the ring as a result 
of either intermolecular forces in the condensed phase or 
intramolecular forces due to the bulky substituents. 

The intermolecular forces would appear not to be 
responsible. The closest C---C contacts occur between phenyl 
ming s-and-.are, ald..greater, than,.3. 74 A. The closest carbon- 
hydrogen contacts are about 3.0 A or more, and hydrogen - 
hydrogen contacts are 2.54 A or greater. All these distances 
are greater than the sum of the Van der Waals radii of the 
atoms concerned. The intermolecular interaction between the 
-carbonyl oxygen and the methylenic carbon atom and its hy- 
drogen atom in the molecule one unit cell away in the b direc- 
tion also is not important. The O,---H distance of 2.63 A 


S} 
and the O,~--C3 OUStAancenor ps 1530 A are both greater than the 
sum of the Van der Waals radii of the atoms involved, 2.6 A 
and 3°. A respectively. 
Intramolecular forces, on the other hand, are very 


important in, this sterically overcrowded molecule. The phenyl- 


phenyl repulsions are reduced to some extent by the widening 
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of the Cohen - C=C angle.” Of Course, they would ™be further 


reduced by the adoption of a slight ‘chair conformation’ by the 
molecuie, Sance, normally, this would’ lead’to a ‘siigitcly 


staggered conformation of Cri and Coy with respect to the 


Olefinic bond. It should be noted that this distortion would 
be expected to lead to a slighurrecuction in the” nt-bond=over— 
lap. However, an examination Of the olefinic plane (Table 20) 
indicates that this. 1s not the’ Case in this structure. ine 
deviations from the least squares plane are not what would 

be expected for the normal chair structure. The situation 

is shown, much exaggerated, in Fig. 6(a) and (b). If we again 
use the plane defined by the four ethylenic carbon atoms as 


° 
the reference plane, then C3 and C3! lie 0.037 A below and 


above this plane respectively. For the chair structure, one 


WOULG™= ex DCCL Gevrcti Ons OPposl te. ii stg LoL Coy and Chi and 


of more or less the same magnitude as for C3 and C.'. Also, 


G should lie on the opposite side of the plane to C and 


3° 


should lie on the opposite side of the plane to C 


2k 


Sate 3 


(Fig. 6a). However, the deviations of these atoms from the 


a 
plane (Table 20) are U.001S A ror ¢ which is smaller than 


Ant 
expectea, out anitne Lrigut direction no 0.044 A Tor Coy which 


is slightly larger than expected, and in the wrong direction 


(2G Or.) de a LOOMS Cia and Coys 


positions closer to what one would expect for a completely 


therefore, have assumed 


planar or even Doat “form Of the molecule. This situation 


lends itself to two possible interpretations: 
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(a) The inter- and intramolecular forces are attempting to 
constrain the molecule in a planar or boat conformation and 
despite this, the ring retains a slight chair conformation; 
hey 

(b) The preferred conformation is that assumed by the sub- 
stituents and the inter- and intramolecular repulsive inter- 
actions are forcing the ring to take up a chair conformation. 

Examination of the intramolecular contacts between 
the phenyl rings and the carbomethoxy group greatly favour the 
latter interpretation. The See and Cy--7C44' distances 
ave=. 9167 and 2.993 A respectively, Significantly shorter 
than the Van der Waals contact of 3.4 A and are, therefore, 
repulsive in nature. Since Cy lies further below the plane 
of the four ethylenic carbon atoms than do Cia and Coyr the 
effect of this repulsive interaction would be to force it 
even further below the plane, which in turn will cause C2 ete 
move below this plane. The centrosymmetrically related C3! 
will be correspondingly raised above the plane, thus leading 
toO7a cheix iconrormation. 

Because of the possibility that the conformation of 
the cyclohexa-1,4-diene ring may be forced upon it by intra- 
molecular forces between the bulky substituents, this molecule 
is particularly unsuitable for conformational studies concerning 
the planarity of the cyclohexa-1,4-diene ring. 

The packing of the molecule in the [a.c.] plane is 


shown=in Fig.-5. The phenyl rings of molecules: related by a 
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two-fold axis are in the ‘herring bone' arrangement commonly 
found for aromatic groups. There are very few close contacts 
between molecules in either the a or c direction, the closest 
packing being in the b direction where the cyclohexadiene rings 
are parallel to each other and with the normal to the plane 
Sfuthe ring almost céincident with the boaxtis. “Theresare no 
intermolecular contacts between molecules smaller than one would 
expect assuming all intermolecular forces are of the Van der 
Waals type. ‘The closer intermolecular contacts are shown in 
Table 7 together with the symmetry relationship between the 


two molecules involved. 
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Chapter Three 
the Crystal and Molecular Structures of 
1,2,4,5-tetrapheny1l-3,6-dicarbomethoxy- 


tricyclo[3.1.0.0-' *lhexane 
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INTRODUCTION 
The her, d75-tet Maphenyh-3, Gadi cabbomebhesyekarged Ga’ "] 
tricyclohexane was prepared as described on page 76 by Dr. 
S. Masamune and co-workers. Similar compounds have been pre- 


pared by other warkers?.> t&t; 


The stereochemistry of the 
products, however, was either undetermined or assigned only 

on the basis of mechanistic considerations or n.m.r. studies 
which left the assigned stereochemistry, at least, uncertain. 
TieacmLay icrystal structure of the [3.1.0 0°" |-cricyclohexane 
derivative was undertaken in order to unambiguously determine 
its stereochemistry and also to determine the precise geometry 
of the novel strained tricyclo system, since it affords the 
opportunity of observing the effect of ring fusion upon the 
geometry of the cyclopropane and cyclobutane rings. In cyclo- 
butane it has been observed that the geometry is in general 
dependent upon the environment in which it is found, the effect 
of fusion with other rings varying, depending upon the nature 


pe The effect of ring fusion upon the 


of the fusing rings 
geometry of the cyclopropane ring does not appear to have re- 


ceived much attention up to this time. 
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EXPERIMENTAL 

The crystals, which approximated hexagonal needles, 
were supplied by Dr. S. Masamune. One, which was regarded as 
Suitable for photographic work and data collection, was mounted 
on glass fibre (maximum dimensions 0.17 mmx 0.22°mm x 0707 mm). 
Weissenberg photographs were obtained for the Ok2&, 1k2 and 
2k2% layers and precession photographs for the hkO, hk2, 
and hl2 layers. These showed the Laue symmetry to be 2/m 
and the crystals to be monoclinic. The following systematic 
absences: 
Ch). hoy. nh tet = 2n + 1 implying an n glide perpendicular to;b 


P22 t 1 6 6cimplying a2. axis: paralletrtoup 


a) 
defined the space group uniquely as ann (non standard setting 
of ay oud 

The lattice parameters were obtained by the least 
Squares refinement of the 20 values for several high angle 
reflections. The 20 values were measured on a PICKER manual 
four circle diffractometer. The dimensions obtained were: 
a = IOGU Sa A b= 9.50042) eu eel 204) Bas 104.3 e2)). 

The experimentally observed density of 1.28 obtained 
by flotation in aqueous potassium iodide solution agrees well 
with the calculated density of 1.27 assuming two molecules of 
molecular weight 500 in a cell of volume 1309.90 sav The 
density therefore required that the molecule occupied a crystal- 
lographic inversion centre, which eliminated 9 (Chaprtek. sap 7c) 


as a possible structure. 


Intensity data were collected on a PAILRED automatic 
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diffractometer using crystal monochromated Cuk, eg iati on 
and includeds*ne Wayers® nk? for WM ="0-"to -S. + A’ constant, scan 
rate of 2.5°/min was used throughout the data collection, but 
Rheiscanswiechyvyarved from”. 4°"%at he=(0Fto72. 7° at h = 8. 

A stationary background count was taken for 20 secs on each 
Side of the scan. 

In the data reduction process, reflections were re- 
yecredert 7 Ary t=. (13) 2 <7eo8, Of ‘the 1316 reflections 
measured, 478 were rejected in this way giving 838 observed 
reflections. Measurement of five standard reflections at the 
end of each layer indicated no significant decomposition took 
place during the data collection. 

An absorption correction was not applied, the linear 
absorption coefficient for this compound was quite small, 
being only 6.67 cm +, 

Lorentz and polarisation corrections were applied 
and structure factor amplitudes and standard deviations were 
calculated. 

During the course of the subsequent structure deter- 
mination and refinement, it became clear that the data for 
several layers were very poor. Consequently the data were re- 
collected using a PICKER manual four circle diffractometer. 

Crystal monochromatised Cuk, radiation was used and 
the intensity data collected using the coupled w/26 scanning 
technique. The scan width was 3° with a scan rate of 2°/min 


and a 20 maximum of 120°. A stationary background count was 
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taken for 20 secs on each side of the scan, 

Reflections were again Peete PE Me 0 eos 
fewego. “932 Of the 1958: reflections collected were rejected 
in this manner giving 1032 observed reflections. 

Lorentz and polarisation corrections were applied, 
but mo correction for absorption was made. Structure factor 


amplitudes and standard deviations were then calculated. 
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SOLUTION OF STRUCTURE AND REFINEMENT 

Thevsrructune was “solved jusang the #PAELREDidata, 
by direct methods. The symbolic addition was performed using 
the N.R.C. system of programmes SAP1 - 4(b). 

Normalised structure factors were calculated (page 20) 
and their distribution shown below, was clearly in agreement 


with the known centrosymmetric space group. 


This Non 
Structure Centrosymmetric Centrosymmetric 


<|E|> 0.825 0.798 0.886 
<|E| 27> 0.969 1.000 1.000 
alae lite Seats 1.058 0.968 0.736 
Percentage |E| > 3 0.84 Ce 20 O01 
Percentage |E| > 2 B55 5160.0 1.80 
Percentage |E| > 1 28.57 32.00 37.00 


Three reflections were arbitrarily given positive 
Signs and used to define the origin, and to initiate the sym-_ 


bolic .addition procedure. These were: 


Reflection | =| 


ERS saree CS ee) 
2A Eas 3.816 
a0 Re rage MES) 


The acceptance level for a sign determination was 


~3/2 |E, | E, E = 7.9 and was allowed 


set initially at ro,0, Ree) nee 


- 


- . De > 
eu Semrotzeq Yay 86 aibbe s 


: : ba 9 
i¢ - 
omesiton ai yirsels daw .welsd sheds 
i 7 % 


= > rr 


= 
hu a 
ot 
ae . (<2 ¥ 
‘ eZ ‘ a 
7? SSSI USL Tow Ss wy os 
u - 


* ai 
a ‘) if 7 , = : 
Sickel: 20 2 


&GHOKD sea? or ctoanmyers 003 awn a 5B 
E 4 woe _ 


a 
: piagT a 
; KiuSSIeASD smowse 
2 s ue “ 
_ = — a ——_ sens mene maaan ee: s aa a 17 
se oa 
iy © u ou at ® 0 ' 
' . 36 
) [ wut : eee . 4) 7 


: vibe. 


ritieog novip ylizvexrtidsve exsw suolvoathon 
Mint of bas stipe: ond eaines 98 be 


err th 9 Pit ih . aa 


” Ven 
bat no tte? of | 


eer 


‘7 an 


if 
[is esw Sas GT = a5. 1.9) ** 
. y ‘ a d AS lg aD 
_ ie oe 


¥ 6 


125 


to fall slowly during the sign determination to a minimum 
eceepcaeLe Value Or Leo which’ corresponds to a probability “of 
ed 1 it 
When the acceptance level had fallen to 6.4 and no 
new Signs had been determined, symbol A was assigned to re- 
Erection 2 SM se( |e f= 39587) Pat 429 B was assigned to 18 2 
Cherie = =3'P260)"*and™at’'3 74"C°was “asstgned to 271 0*(|E| = 3.851) . 
118 reflections were assigned phases in terms of these 
three symbols. During the phase determining procedure, several 
relationships between symbols occured. Such relationships 
Were accepceda’ rt Dbotir contributors had Heel iad EEL _K 


greater than 1.9. These relationships are summarised in the 


table below. 


Symbol No. of Indications +ve No. of Indications ~-ve 
A ui 2 
B 0 di) 
AB 0 i 0 
0: 0 3 
AC 0 L 
BC 4 2 
ABC 5 0 


From these relationships, it was possible to say 
confidently that B = - and ABC = +, which meant that A and 


C were opposite in sign. The indication seemed to be that C 
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was negative and therefore A positive, but E naps corresponding 
Go Dothepessibie solutions, (i) A,p='+, B=-, C = - and (11) 
A=-, B= +t, C = +, were computed.” In the first of these 


maps, the structure was eventually recognised, but not without 
difficulty due to the presence of several quite large but 
meaningless peaks. All the atoms were located in this E map 
apart from four carbon atoms from one of the phenyl rings. 
These fifteen atom positions were used as input to a 
structure factor calculation, which gave a residual R factor 
of 0.511. The calculated phases were used to compute an electron 
density map which revealed the positions of the remaining four 
CaLoon atoms. Act this early Steatys of the structure deter- 
mination, the two phenyl rings in the asymmetric unit were re- 
BEendec deeb LGLd bod Tes with arC-—\@ distance (of 1.397 A and a 
Ci-meece- C anglesor 120° . 
In three cycles of refinement the R factor dropped 
to 0.259, but analysis of the R factor for each level collected 
showed that the data was suspect. The R factors are shown in 


tabulated form below: 


Level Ry Ry 
hk (alledata) 0.259 0.489 
hko 0.199 0.923 
ho 2 0.246 O28 Le 
Ok 05 21.8 02359 


(Continued on next page) 
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Level Ry R, 
1k2 O22 hale yeak 
2k2 0.238 Onc 
3k O 205 0.314 
Ak 0 4437 1 a9 pe 
5k2 O26 0.342 
6kX 0.284 0)..3.93 
7K2 O52 0.42.99 
8k 0.264 0D a3. 


Clearly the data for the 4k% level contained some 
very large errors. This data was omitted from the subsequent 
refinement cycles, and the complete data set was recollected 
using a PICKER four circle manual diffractometer (see page 122). 
While the data recollection was in process, the refinement was 
continued with the PAILRED data minus the 4k% reflections. 

In two more cycles, the R factor reduced to OF ESS aa 
which point, the atoms of the phenyl rings were allowed to re- 
Pine as free atoms. «The RB factor ~fell in one. scycle to .0.136.. 
There were indications here that even more of the upper level 
data was suspect, since the R factors for 5k& and 6k& were 0.213 
and 0.205 respectively. 

An electron density difference map was now calculated, 
and from it, all the hydrogen atom positions in the molecule 


Were Obtained without difficulty. Inclusion of these atoms in 
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eye dace squares Pe incacaie caused the R factor to drop in two 
more cycles to Q.1ll. 

Two further refinement cycles in which all atoms 
other than the hydrogen atoms were allowed to refine aniso- 
Eropicaliv, gfurthen reduced..the.R factor.to 0,073. 

mewdata col lected -on shes PICKRR dit fractometer.was 
now; substituted. for the, faulty. PAILRED. data., In four cycles 
Lhes neti nementL..conyerged. with Ry = 0.040, Ry = 0.048. 

Inspection of the observed and calculated structure 
amplitudes of low sin @/A and large magnitude revealed that the 
crystal was suffering secondary extinction. Since absorption 
was negligible in this crystal, a correction was made for the 
polarisation.part ofthe secondary extinction, correction; only. 
(See page 89). 

After this correction had been applied, the refine- 
ment reconverged in two cycles to a final Ry OL +0 ,OS eo 7and R, = 
0.038. The largest peak in an electron density difference map 
computed at the end of the refinement was only 0.13 electrons 
per ie and was situated close to the methyl hydrogens. 

Of the 118 signs determined in the symbolic addition 


procedure, 14 were incorrectly determined, which may account 


for some of the meaningless peaks in the E map. 
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RESULTS 

The observed and calculated structure amplitudes are 
listed in Table 23. Atomic coordinates and isotropic temp- 
erature factors are given in Table 24 and anisotropic temperature 
actors for the carbon and oxygen atoms are in Table 25. Bond 
lengths and angles are given in Tables 26 and 27. A selection 
of ine and intermolecular non bonded contacts is given 
in Tables 28 and 29... The geometries of the cyclopropane and 
cyclobutane rings in various systems are summarised in Tables 
BCrand. si 

Meperspect iver viewror the molecule masiguven ining. 
7. The contents of the unit cell projected onto thelial [c] 
plane is shown in Fig. 8. A selection of Newman projections 


wo shownein Pig. 9. 
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Observed and Calculated Structure Amplitudes (electrons x 10) 
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Table 24 


Atomic Coordinates and Isotropic Temperature Factors 


Atom x y Z B 
ap! ~0.1037(3) -0.0163 (3) -0.0442 (2) 2.95* 
C2 0.0235 £3) 0.0630 (3) ~0.0575 (2) 2.80% 
C3 0.0600 (3) 0570363) 0.02502) 3. ee 
c4 0.1672 (3) «4 GRD Grid) 0f..0.2:40' (2) 3.46* 
C5 0.2256 (6) 0.5160 (5) 0.0455 (5) 6.33* 
onl 0.2699 (2) 0.2549 (3) -0.0057(2) 4.90% 
02 0.1317 (2) 0. 40702) 0.0486 (2) 4 Ste 
G11, -0.2453 (3) 0.0339 (3) ~0.0862 (2) 305% 
C12 -0.2938(4) 0.0369 (5) -0.1865(3) 4.86% 
¢13. -0.4242(4) 0.0872 (5) -0.2292(3) 5.51% 
c14 -0.5063(4) 0.1349 (4) -0.1722 (4) 4.96* 
Sis -0.4609 4) On 305) -0.0744 (4) 5. 5a* 
C16 -0.3300 (4) 0.0844 (4) -0.0313 (3) 5.09% 
21 0.0556 (3) 0.0841(4). -0.1540(2) 3.04* 
22 0.0286 (4) 0.2130 (4) -0.2008(3) 4,26* 
€23 0.0496 (4) 0.23255) -0.2930 (3) 5.03* 
C24 0.0977(4) 02494) -0.3388 (3) 4.64% 
C25 02123744) -0.0034(4) -0.2946 (3) 4.56% 
C26 -0.0241(4) -0.0241(4) -0.2030 (3) 3.91% 
H51 G.223(5) 07, 533:(5) -0.018 (3) 8.2(16) 
H52 0.319 (4) 0.490 (5) 0.080 (3) Lea 13) 


(Continued on next page) 
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H12 
H13 
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H22 
H23 
H24 
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* 
These are equivalent isotropic temperature factors corresponding 


to the anisotropic parameters given in Table 25. 
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Intramolecular Angles 
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Intramolecular Non-bonded Contacts 
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Selected Intermolecular Contacts Less than 4.0 A 
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Table 29 
Atom 1 
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H14 


continued 
Atom 2 
H14 
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Distance 


3.14(4) 
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Table 30 


Geometry of the Cyclopropane Ring 


(a) Unfused Systems 


Compound Name 
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Table 30 continued 


(b) Fused Systems 
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Table 3.1: 
Geometry of the Cyclobutane Ring 


(a) Unfused Systems 


Compound Ce aC Method Reference 
Cyclobutane 543 if Ge BDL 
Cyclobutane NE Rcsyois. Re 12.0 
transl’ S-cyclLobutane- 

adiearboxylic acid 1.560 Sab 
Pans ,2-cy clobutane- Ih SS pe DKW aERes B21 
dicarboxylic acid. 1.517 (between 


trans substituents) 


Ce ae CLOOU Lane 
dicarboxylic acid 1.554 Re ae 


Trans~=lL;2-dyclobutane- 

dicarboxylic acid-sodium 

salt (and free acid as 

solvent .of crystal- eGo) -(Cdanuon)) Kas L23 
lisation) i522) (acid) 


Gist, 270 aLOmo— lL, 

dicarbomethoxycyclo- 

butane a prs) MR. 124 
Trans-1,2~-dibromo-1,2- 

dicarbomethoxycyclo- 


butane eo Xs 124 
Gie-trans-cirs =1L, 273/74- 1.561 (between cis 
tetracyanocycliobutane substituted carbons p Pn 2 


1.547 (between trans 
substituted carbons) 


Octahydroxycyclobutane tos) oo) ok. 126 
Cis-trans-cis-1,2,3,4- 1.572 (between cis Kae 1a 
cyclobutanetetracar- substituted carbons) 
boxylic acid tetramethyl 1.541 (between trans 
ester substituted carbons) 
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Table 31 continued 


_—_ 


Compound tage, © Method Reference 
aa AE rc ee ee res ye I Nee ein by eck 
2,2,4,4-tetramethyl- ) 
cyclobutane-trans- 


1,3-diol L545 | ROR 128 
1 jt,72,5-tetrafluoro- 

cyclobutane 1. p66 Be. 129 
Cyclobutane carboxylic 

BCLio Chioride 1.540 BsiD. 130 
17 2,5,4-tetraphenyl- 1.585 (between cis Xk. 1S. 
cyclobutane substituted carbons) 


1.555 (between. trans 
substituted carbons) 


(b) Fused Systems 


Compound ERE Gs Method Reference 
Cubane eres ONL ets io2 
d%£-Photodimer C of 1,3- LoS ae Pome une ton) O45 Rs 33 
dimethyl thymine 1.574 (inter thymine 
ring) 
Photodimer E of Thymine Poe eee ano eUnGeTOn):  Xek:. 134 
1.587 (inter thymine 
ring) 
Photodimer-of eyclo- Leo4°uring.7unetion)  xX.R. oi 
pentanone L.o9- (imter.cyelo-— 


pentane ring) 


Tricyclo iewnono7'>)- 
pentane a eee BS: Kee E26 wae 
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Table 31 continued 


Compound 


Thymine Photodimer 


Photodimer of l- 
methylthymine 


Bicyclo-[2.1.0]pentane 


7-endo-chilerobicyclo- 
[3.2.0] hept-2-ene-6- 
endo-ol-p-bromobenzoate 


wrans-Bicycio[4.2.0] 
SCctyie1—3,5-dinitro- 
benzoate 


3,4:7,8-dibenzo- 
tracyelot1d.2.0.0 
octa-3,7-diene 


2, By _ 


L772, 4¢)0-cetrapheny 1— 
3,6-dicarbomethoxy- 


tricycic [s.atones Cj - 
hexane 


Bicyclo[1.1.l]pentane 


eniorobicye loll. Ll. 1) 
pentane 


xR. 


R-Ray, R = Raman, 


M.W. = Microwave. 


C=C Method 


Pe oe0 Geilo mine) | Xe hee 
1308 SER Cer 
thymine ring) 


1,542 Axcang junckzon) x%.R. 
Or Lane. 
thymine ring) 


Iwo Grind. sunetron) M.W. 
LOO Sr Ie peek LO 
average 1.534 
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ye Atoms detining the planes. CiiyCr2. (Cl3 C14 ake 
Equation .of.Plane:.. -0.3925X=-90.9194Y:+,0.02472Z4=> 
Onsia? = 0 
Distance of atoms from plane in A 
Gil 017005 C14 O-R003 
CL2 =0.003 CLs 0.003 
Gh3 =0).. 0:02 C16 =0). 007 
Ga ji Atoms detining tie splane. yee) y.C20.9C23, C24" “C25 


C26 


Cas 


EouacLonrotathe plane ses0. 867i xX Ce 0O2823Y + 0.41082 - 


0.3045 = 0 


fe} 
Distance of atoms from plane in A 


C21 0.008 - C24 0.006 
C2z oi Org O85 | G25 0.003 
CZs = 07005 C20 =O 0 Oo 


(iia) Atoms defining plane: Hi2) hls fa His: 216 
Boucwuonof plane: —-0.3913% — 0.9293Y =- 0.00102. - 


0.6105 = 0 
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Table 32 continued 


° 
Distance of atoms from plane in A 


HYr2 =0.020 H15 =. O13 
H13 0.026 H16 0.016 
H14 -0.004 


liv) Atoms defining the plane: H2Z24 H234 H24 H25” H26 
Pouactvon Omplane: “Oseo2sn + Oezegy2y + 0.41568 = 
GZ see 


ie} 
Distance of atoms from plane in A 


H22 0.040 H25 OOE0 
H23 zatlrn 6 of fak H26 =O. 06 
H24 Je036 


De eLeveyciLie System 
(i) “Atoms saetining the planes 3 7c2 (C3, Cl 
Eoauation Of planc: > -O72s¢0re— 0.19 /6Y + 0.24202 + 


On 25g = 0 


(Hija eacoms detining the plane: sei C2, Cl C2" 
Pouaceon. Of plane.) |) 0.61320 so 2 beet i039 352 


= 0 


C. Carbomethoxy Group 


Atoms cefining plane: ¢€4 ‘CS O1 02 
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Fable 32 continued 
Equation of plane: 0.2706X ~ 0.1980Y + 0.942127 - 
0.1867 = 0 
Distance of atoms from plane in A 
C4 0.001 OL -0.0006 
GS 0.0008 O02 =e. Oi 9 


C3 -0.0442 
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Fig. 


Contents of the Unit Cell Proyecteéd onto the [a] [c] Plane. 
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A Selection of Newman Projections: 
(a) down C4-C3 bond 
(b) down O2-C4 bond 
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DISCUSSION 
1,2,4,5-tetrapheny1-3,6-dicarbomethoxy-tricyclo- 


pial aoeO Sia 


Jhexane crystallises on a crystallographic inversion 
centre and consequently is in the anti-configuration and has 

a planar cyclobutane ring. The carbomethoxy groups are in 

the exo-position. A diagram of the molecule is shown in 

Fig. v2: 

The most outstanding detailed structural feature of 
the molecule is that all bond lengths within the tricyclo- 
hexane framework are equal within experimental error and 
average eSB LR: The bond distances in the cyclopropane ring 
. average 1.530 A and the bond angles within the ring average 
60°. The bond lengths are longer than the 1.510 A bond 
lengths found in cyclopropane ise kebeme and thatefound iin 
various substituted unfused cyclopropanes (Table 30). 

The bond lengths in the cyclobutane ring average 
1.534 A and the ring is planar and square, the bond angles 
within the ring averaging 90.0°. The bond lengths are shorter 


119 and in sub- 


than the 1.548 found in cyclobutane itself 
stituted ounfused. cyclobutanes,(Table,3l.) The ‘cyclopropane. and 
cyclobutane rings meet at an angle of 109.0°. 

The bond distances from the tricyclic system to 
the substituent phenyl and carbomethoxy groups are all about 
0.02 A shorter than is normally found in unstrained systems. 
This bond shortening to substituent groups is characteristic 


114, 140,141 


of highly strained systems and has been observed 
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in many of the compounds listed in Tables 30 and 31. 

The angles within the phenyl rings are normal. 

The angle at the attached carbon atom averages 117.8° and all 
othemlanglesectuster closely taround4120.%, avi thean savenageavakue 
of 120.2°. However, the bond lengths in the phenyl rings 

range from 1.347 A ton. 3339 a with an average value of 1.376 iy 
The variation of bond lengths is systematic. In both rings 

it is the bonds which are furthest from the tricyclic system 
which have shortened significantly from accepted values. This 
bond shortening is undoubtedly due to the effect of thermal 
motion, probably a libration of the molecule as a whole, which 
would have the observed erreetl The carbon hydrogen distances 
in the phenyl rings average GaSe As Both rings are planar 
within experimental error and the associated hydrogen rings 
are coplanar with them (Table 32). The plane containing the 
phenyl ring attached to C2 is perpendicular to the plane of 
the cyclobutane ring while that attached to Cl is skewed. 

A similar situation is found in tetraphenyl cyclobutane???, 

The bond distances and angles within the carbo- 
methoxy group are similar to those found in other compounds 
(Tablete2 ,lGhapterg2): ifheacarbomethoxyeqroupsinethisscom- 
pound does not experience such great intramolecular forces 
as the carbomethoxy group in 1,2,4,5-tetraphenyl-3,6-dicarbo- 
methoxycyclohexa-1,4-diene, as can be seen by the longer 
@dnfsehltand.c4st=c2ahcontacks) Bka2Zen Sndea.0S6eabrespectively, 
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compared with 2.993 A and 2.916 A in the cyclohexadiene deriva- 


is al 
1 


isaycolove iyredqstted «al Som er? cotseues te 


: aa a 
ava. fe O58 > healiiaic BOLD. 
. ae oe 
iyoaetiq eid ot afapred biroc ols ss 
wee tt PY oe 

SULSV veeTtevsa ms As Be a eee, fo 


Ye 


4 a SS Sey si ys Se #; ~ ; * 
RISES 1 ELEY: S & . -lQOBZae svieads: Bi 
7 . 
3h Aiy ms H a. cect ST 23aV5 SD 
a 
. —* J . ‘ : 
_ hms teem sofa ea —" an 
potbyn bedsicosas 8Ad bag noms {sin 


tnos emsia, eit? °°. ¢ké nor mors. Hg bir at 
a? og seine ibneqise we od ie 36 

| | £9 sich — 
ei Lew, soils: «pada 


i 


‘ 
. 
e) 
ia 
r 
y 
Y 
, 
4 
»- 
te! 
» 
Ge 
- 
ie 
@ 


ae 


: 
oy, 


eft olttiw selpas. bas? eeomaede aib fine edt 7 


t 


> teadto ai Bbapot? eeodt ot>% sateatiicaila 
: : i 
‘ \ - 
cig depeasiet Meine bos ae a ; 
wit hs GOoOoTD VAC ie Ra Se GOUT BD? sat oe, : 
z ; Cah. 4 a - : 


a se a thie 7 F Bing " ; 
I&LUYDS ORS Ts. at taste fore son Se FOR. 
fon te 
- = 4 


: my = rests Vi 
: dias wags 23 Svs 
= Mt : Py ie 


154 


tive. However, these contacts are still much shorter than 

the normal Van der Waals contact between two non-bonded 

carbon atoms. The oxygen contacts with the phenyl groups 

are all close’ to-or "greater than the sum of ‘the Van der Waals 
radii “Lor carbon and “oxygen the shortést 9 (83073 A) are cthe 
contacts between Ol and the first atom of each phenyl group 
C21 and Cll'. The external angles around C3 are also normal, 
C4 77co + Cleis ty .4° ana Car Cow h™ Tse oe 2, both sor 
which are close to the values found in other substituted 
cyclopropane Pings: nts although ‘the (C422NC3 "=" HB thendeangle 
of 112° is slightly smaller than the 116° average found in 
these compounds. However the large standard deviation on 

this angle, makes the difference insignificant. The carbo- 
meti.oxy group is planar within experimental error. Despite 
the above, the intramolecular forces would seem to be still 
great enough to prevent the carbomethoxy group from taking up 
its preferred orientation with the C=O syn-planar with the 

See 2 Ce ponaer eee In? this” case= theres -—+C2*bonde® “TReREOESton 
angle C2 - C3 - C4 = Ol is 38.3°, which, being smaller than 
the 45.9° found in the cyclohexa~-1,4-diene’' derivative, may re- 
flect the lessening of intramolecular nonbonded repulsions 

in this compound. However Hoffmann and Davidson?*® have pointed 
out that for a carbomethoxy group attached to a cyclopropane 
ring the syn-planar arrangement may not be the preferred 


conformation. They showed that the low lying 1t* orbital of 


the carbonyl can interact with the pseudo-T ring orbital and 
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this interaction is greatest if the plane containing carbo- 
methoxy group is perpendicular to the plane of the ring and 

the C=O is anti-planar with respect to the ring C - H bond, 
that, iS if, thesterstonveanglénomedChy -€ sinerssens0eo This*®they 
termed the bisected conformation. This is exactly’ the con-. 
formation found in this compound. ‘The plane of the carbo-. 
methoxy group is perpendicular to the plane of the cyclo- 
propane ring.and,.the torsional angle O1:- C4 -'C3 - HB is 178°. 


The carbonyl group is also in the preferred syn-vlanar orient- 


ation with respect to the ester methy Learbon®/?>, the torsion 


angle.O 1. =; C.—. O2¢ ~.C5) beamgu0tne° Two other noleciles® whi'ch 


have this conformation, which Hoffmann and Davidson called 


the bisected configuration are cyclopropane carboxaldehyde*?* 


106 


and cyclopropane carboxamide’ Ofivthe others’ hand7o.)16— 


simechy Wbicicloprosyie212hedi caghomm lobe Une takes up the 


‘normal',orienbationg the On=aeCws Cy = Co torsion angle being 4°. 
The cyclobutane ring has equal bond lengths within 

experimental error which average 1.534 A, This 1s unexpected 

Since in cyclobutane itself the bond length is 1.548 A which 

is .longerxthan that.found in normal paraffins. If the cyclo- 

butane ring is substituted then the bond between cis subst- 


125,127,131 5h tetraphenyl- 


ituted carbons is even longer 
cyclobutane the bond lengths are 1.585 A between the cis 
substituted carbons, and 1.555 A between the trans substituted 
carbons*??. Thus the fusion with two cyclopropane rings has 


drastically affected the geometry of the cyclobutane ring. 
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In other fused systems containing the cyclobutane 
ring, the tendency towards longer than normal bond lengths is 
continued, but the situation is slightly different (Table 31). 
If the cyclobutane ring is formed by a dimerisation of two 
unsaturated rings such as two thymine rings 10, then the 
bridgehead carbon-carbon bond is usually close to normal . 
values, which means that the ring fusion has little effect 
upon the geometry of the other ring, but the unshared bonds 
of the cyclobutane ring are elongated, averaging ADOUL asa to A 


LSo, Lot, LOO uo 


in various thymine photodimers EN Ga claro) en 


the photodimer of cyclopentanone->>. However one structure 


has been reported in which the bridgehead bonds are signif- 


icantly longer than the unshared bonds??? . In 3,4:7,8-di- 


benzotricyclo[4.2.0.0°'> 


locta-3,/-diene 11,the bridgehead 
°o 
carbon-carbon bond is 1.593 A while the unshared carbon- 
° 
Garbon bond is 1.559 A. This was rationalised in the fol- 


lowing way. In photodimers of thymine, the cyclobutane ring 


cane se 


is fused to two essentially strain free rings, whereas in 
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3,4:7,8-dibenzotricyclo[4.2.0.0]octa-3,7-diene, the fusing 
rings are highly strained four membered rings, probably 
even more” strained than the central cyclobutane ring. In 
this type of system the ring strain and non bonded inter- 
actions are relieved by the lengthening of the bridgehead 
bonds. 

If this argument were correct, then one would ex- 
pect the bridgehead bond in 1,2,4,5-tetrapheny1-3,6-dicarbo- 
methoxytricyclo[3.1.0.0°' *]hexane to be longer than its un- 
shared cyclobutane bonds, since in this compound, the cyclo- 
butane ring is again fused to two rings which are more strained 
than it is. However, as has been pointed out all the bonds 
in this tricyclic system are shorter than are found in other 
cyclobutane systems. <A survey of the literature shows that, 
this shortening of, at least the average, bond length of the 
cyclobutane ring has been observed in a few other compounds 
in which the cyclobutane ring exists in a highly strained 
environment and these will be discussed later. 

The cyclopropane ring has bond lengths which are 
longer than those found in cyclopropane itself, which have 
been determined by electron diffraction studies to be 1.510 A ‘ 


This geometry seems to be little affected by substitution 


(Tapile SU). EUSTON WLULh Other 2ings, be 1t with a strained 
system or a more flexible system, usually results in at least 
one bond being longer than that found in unfused cyclopropanes, 


and the average bond length within the ring system tends also 
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CO be saOnNger, Except in Dicyclol1l.J-0j]butane in which all 
bonds are equal within experimental error and have a value 
of 1.498 A (Table 30). 
In highly strained fused systems, for which structural 
information is available in the literature, there seems to be 
a tendency towards shortening of cyclobutane bonds and length- 


ening of cyclopropane bonds. Thus in one Preicveiol? 00 1 


pentane derivative tel? 


all the bond lengths except one 
average 1.53 A. Ina Si celol ceo rentana the cyclopropane 
bonds average 1.517 A, and the cyclobutane bonds 1.534 6 Ina 
bicyclo[3,2.0]heptene derivative, the cyclobutane ring has an 
average bond length of 1.532 eet a 

The microwave structure of bicyclo[2,1.0]pentane is 
interesting from the point of view of comparison with the 
structure of 1,2,4,5-tetrapheny1-3,6-dicarbomethoxytricyclo- 


[3.120.0274 


Jhexane, Since it consists of one cyclopropane ring 
fused to a planar cyclobutane ring at a dihedral ae of 

Pt2.7°" while our compound has an extra cyclopropane ring. 

Here the average bond length in the cyclopropane ee Liplgl 7 A 
is slightly longer than that in cyclopropane and the average 
bond length in the cyclobutane ring is 1.534, somewhat shorter 
than the 1.548 A of cyclobutane. Suenram and Harmony argue 

that since the rings have three and four centre t-like orbitals 
itis possibde for them to relocate the total available electron 


density around the ring as needed to satisfy geometrical strain 


or other factors. The observed changes in bond length would 
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correspond to a small shift of electron density from the cyclo- 
propyl ring to the cyclobutyl ring. The geometry observed in 
1,2,4,5-tetraphenyl-3 ,6-dicarbomethoxytricyclo[3.1.0.07'*]- 
hexane would certainly support this delocalisation argument, 
however as Suenram and Harmony pointed out, such a conclusion 
must be considered highly speculative, and detailed molecular 
orbital calculations would be required to see if the predicted 


electron density provided any supporting evidence for this 


view. Also arguments of this type neglect the effect of the 
145 


f 


substituents, which as Hoffman pointed out can greatly 
affect the geometry of the cyclopropane ring, depending upon 
whether they have electron donating or electron accepting 
groups. In a norcardiene dérivative.* the lengthening of 
two bonds in the ring is rationalised on the basis of a de- 
localisation of electrons from a pseudo t-orbital on the 
cyclopropane» ring into the mt orbitals of two geminally sub- 
stituted cyanide proupe oe Since the carbomethoxy group is 
in the correct position to maximise this type of pseudo fm - 


7m interaction, the effect of this substituent at -least may 


be important in determining the geometry of the system. 
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CHAPTER FOUR 


Crystal and Molecutar™structures cot 


exo-Tricyclo[3.1.1.07'*]hept-6-y1 p-bromobenzoate. 
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INTRODUCTION 
Bxo-tricyclo[3.1.1.07' *]hept-6-yl acetate were prepared 
by R. Vukov of this department by the addition of carbene to 
exo-bicyclo[2.1.1]-hex-2-en-5-yl acetate 12, Both syn and 


antt isomers were expected since both sides of the double bond 


OAc 


eZ 


appear equally accessible to the approach of the carbene. 
However only one major product was obtained from the reaction. 
Assignment of a syn or antt configuration to this isomer could 
not be made on the basis of its n.m.r. spectrum. Consequently 
the X-ray crystal structure of the p-bromobenzoate derivative 
was undertaken in order to determine the configuration and 
also to see if the geometry of the product could provide an 
explanation of the stereospecificity of the carbene addition. 
Furthermore this structure determination would meu. da more 
information on the geometry of the cyclopropane and cyclo- 


butane rings in: highly strained fused systems, 
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EXPERIMENTAL 

A crystal was chosen which was regarded as suitable 
for photographic work after examination of a Laue photograph. 
This was used to produce Weissenberg photographs for the 0k, 
1k& and 2k&% layers and precession photographs for the hk0O, 

NEL; andahore hl2 layers. The Laue symmetry was found to be 
2/m, and the photographs exhibited the same systematic absences 
asothe tricyclohexane derivative, establishing the space group 
ascoP2i/7n* 

The lattice parameters were obtained by carefully 
measuring the 26 values for several reflections, using a PICKER 
manual four circle diffractometer. A least squares refinement 
of the cell parameters to give the best fit to the 26 values 
yielded the following results: a = 6.704(1); b = 12.087(1); 
OMS SL eS Th (2) 6 =e 9 aS L202) Fe 

The experimentally observed density of 1.52 gms om” >, 
obtained by flotation in aqueous potassium iodide solution, 
agreed reasonably well with the calculated density of 1.545 
gms cm. >, obtained by assuming four molecules of molecular 
werqnt.292.9: occupying a cell of votumes 2259.96 ee The density 
therefore did not require that the molecule occupy a special 
post elon ewithin=the cell. 

Intensity data were collected on a PICKER four circle 
manual diffractometer. The scan width was 3° with a scan rate 
of 27min The .20.limivt was) placed ace 20>  Aestationary Dback- 
ground count was taken on each side of the scan. 


In the data reduction process, reflections were re- 
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jected if I <0 or if I < 20. 534 of the 1061 measured re- 
flections were, rejected in this. fashion-giving’a total-of 
527 observed reflections. 

Six standard reflections were measured at five hour 
intervals and indicated extensive decomposition. By the end 
of the Ue collection the standards had lost some 40% of their 
original intensity. The decomposition was found to be ap- 
proximately linear with time, and independent of 29. A cor- 
rection was made by application of a linear scale factor be- 
tween standards. 

The bounding faces of the crystal were tentatively 
identified as Olheinlbf OPDF.011, 111 and Io0. The identific- 
ation of the faces was made difficult because the extensive 
decomposition obscured the defining edges of the faces. The 
absorption coefficient was 48.03 Pes and the maximum 


dimensions of the crystal were 0.25 mm x 0.07 mm x 0.05 mm. 


The data waS corrected for absorption and for Lorentz 
and polarisation effects, and structure amplitudes and standard 


deviations were calculated. 
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SOLUTION OF STRUCTURE AND REFINEMENT 

The position of the bromine atom in the unit cell 
was located from a Patterson map and used as input to a struct- 
ure factor calculation, from which an electron density dif- 
ference fourier was calculated. The electron density dif- 
ference fourier gave the positions of the six carbon atoms of 
the phenyl ring and the carbon and one oxygen of the carboxyl 
group. A structure factor calculation based on these atoms 
gave a residual R factor of 0.343 which reduced in one cycle 
of refinement to 0.323. In these calculations the phenyl ring 
WaSe. LNCLuded. as; at rigid, body, ]1 WithtCérsGebond dengthroftd.397 A 
andi 4 £e-+-C4aeCxangle,of d20ke< 

Another electron density difference fourier was cal- 
culated from which five of the atoms of the tricycloheptane 
system were located. These atoms were included in a structure 
factor calculation which gave a residual R factor of 0.291 
which reduced in one cycle of refinement to 0.259. The temp- 
erature factors of two of the atoms in the tricycloheptane 
system had become quite large and these were removed from 
subsequent calculations. An electron density difference fourier 
calculated at this point gave the positions of one more carbon 
atom of the tricyclic system and the other oxygen of the carboxyl 
group. 

One more cycle of refinement, with what now amounted 
to fourteen of the seventeen non-hydrogen atoms of the asym- 
metric unit included in the calculations, reduced R to 0.255. 


One of these fourteen atoms was again found to have a very 
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high temperature factor. This atom was removed from the cal- 
Cudatrons and the R.factor fell in “two cycles to 0.231. An 
electron density difference fourier was calculated and this 
gave the position of the remaining four atoms, which when in- 
cluded in the structure factor calculation caused the refinement 
to converge in three cycles at R = 0.140. Refinement of the 
bromine atom anisotropically further reduced R to 0.092. On 
changing from the rigid body to a free atom model, the R 


hactor. remarned unchanged, but Ra) -changeavitrom .0.075 to 0.072, 


2 
A Hamilton R factor statistical eee showed that the hypoth- 
esis that the rigid body model best described the structure 

could be rejected at the 99.5% confidence level. 

The rejection criterion, preventing structure factors 
for which there was poor agreement between observed and cal- 
curaced structure: anplitude from being Msed sinithe Least 
Squares refinement, was made more stringent and the R factor 
Geliweco.0.,039., 

Up to this point data which had only been corrected 
for decomposition and Lorentz and polarisation corrections had 
been used in the calculations. Now data which had also been 
corrected for absorption effects was substituted. This had 
little effect upon the refinement, the R factor falling only 
slightly to/0.088. 

The positions of the hydrogen atoms were calculated 
assuming a C - H bond length of 1.0 A and, as closely as possible, 
sp> hybridisation at the carbon atoms. These atoms were in- 


cluded in the refinement, with temperature factors one unit 
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greater than the carbon atom to which they were attached, how- 
ever, neither their coordinates nor their temperature factors 
were refined. The refinement then converged in two cycles to 
R, = 0.080 and Ry 


An electron density difference fourier was computed. 


=e UO» 


This showed rather large peaks around the two oxygen atoms: 
which evidently required anisotropic refinement. Consequently, 
the hydrogen atoms were removed from the calculations and the 
refinement repeated OF the oxygens anisotropic. The refine- 
ment converged at Ry = 0.082 and Ro = 07.0 76.. "Tne postcrons of 
the hydrogen atoms were recalculated and when these were in- 
cluded in the calculations the refinement converged to a final 
R = 0.072, R, =e. Oo). | 

An electron density difference fourier was computed 
at the end of the refinement and this showed only moderate 


peaks, the largest, (0.47 electrons a) occurring near the 


bromine atom. 
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RESULTS 

The observed and calculated structure amplitudes are 
listed in Table 33. Table 34 gives the atomic coordinates 
and thermal parameters of the atoms. Interatomic distances. 
and bond angles are listed in Tables 35 and 36 while nonbonded 
contacts are shown in Tables 37 and 38. Least squares planes 
data is presented in Table 40. 

A perspective view of the molecule is shown in Fig. 
10. A packing diagram in which the contents of the unit cell 


are projected onto the [b][c] plane is shown in Fig. ll. 
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TABLE 33 


Observed and Calculated Structure Amplitudes (electrons x 10) 
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FOULS FCAL 
Oreve 
602 623 
1Le6 1130 
966 93) 
207 184 
289 265 
379 379 
398 S73: 
431 432 
$99 601 
150 167 
176 165 
177 195 
154 136 
2co rag? 
153 Wear 
255 156 
223 222 
815 830 
941 906 
1007 972 
137 134 
617 819 
194 165 
ras) 221 
228 225 
170 1490 
1092 1102 
405 401 
S36 532 
406 368 
407 393 
148 132 
25S 340 
144 168 
143 88 
594 605 
176 161 
253 242 
2e4 302 
So3 Si 
480 47S 
166 145 
307 287 
$32 S37 
381 403 
140 134 
483 480 
146 182 
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Table 34 


Atomic Coordinates and Temperature Factors 


Atom be | ve Zz B 

Br 0.0798 (3) 0.1298 (2) 0.1017 (2) 7o3% 
ol 0.816 (2) 0.193 (1) SO2178 U1) 7.8% 
02 0.891(2) 0.330 (1) -0 .083 (1) 6.4% 
cl 1.005 (3) 0.433 (1) -0.209 (1) 547 (5) 
C2 1 .219°¢3) 0.443 (2) Soren Foie) 
C3 1.825 (3) 0.551 (2) ge 2261) 5 delle) 
C4 1.338 (3) 0.470 (2) -0.157(2) 6.9 (5) 
C5 Wl58 3p OG. wean 1) ECOG) See (5) 
Cé 1.058 (2) 0.358 (2) eae a als 4.8 (4) 
C7 0.989 (3) 04527 (1) Soe asic) 4.9 (5) 
C8 0.785 (3) 0.244 (2) Bnei 2(.2) 5.0(5) 
C9 0.617(2) 0.216 (1) BOP 05641) 4.0 (4) 
C10 0.485 (2) O.13zta) ~0 .086 (1) 5.5 (4) 
cll 0.326 (2) 0.105 (2) Poros (1) 4.9(5) 
c12 0.298 (2) 0.63 (1) 7039 (1) 4.8(5) 
C13 0.426(3) 0.247(1) 0.067 (1) 4.3(4) 
C14 0.591 (3) 0427211) 0.027 (2) 4.4(4) 


*These are equivalent B's corresponding to the following 


anisotropic parameters: 


(Continued on next page) 
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Table 34 continued - 


Calculated Hydrogen Positions 


Atom x y Z B 

H1 0.881 0.413 ~0.249 724 
H2 keeps 0.385 ~0.282 8.5 
H31 Pe2a1 0.623 ~0.220 7.6 
H32 1.442 0.575 ~0.260 7.6 
HA F471 0.429 -0.140 hee, 
H5 1.186 0.477 -0.032 6.4 
H6 1.159 0.296 0.143 6.0 
H71 0.861 0.536 0.113 6.2 
H72 O22 0.605 -0.166 6.2 
H10 0.512 0.092 -0.142 Fe0 
H11 0.232 0.043 -0.055 5.4 
H13 0.401 0.289 Cite tT 5.8 


H14 07687 Dincod 0036 6.0 
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Interatomic Distances 
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Intramolecular Angles 
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Intramolecular Non-Bonded Contacts 
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Intermolecular Contacts 
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Least Squares Planes and Dihedral Angles 


Phenyl Ring 


Atoms defining plane: 


Equation of 


Oo256xX = 0. 


Distance of 
C9 

€10 

€11i 

C12 

C3 

C14 

BR 

Cs 

Ol 


O2 


Plane A 


Atoms defining plane: 


Plane: 


C10, BCiMe  CLo Crs | C4 


G/02Y «+ 0.52107 POL et 0 


° 
atoms from plane (A): 


-O.001 
30 4.007 
07041 
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010.0 2 
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=0 020 


Equation of plane: 
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Table 40 continued 


(149) Plane 5 


AtConseiereiencgwp lane: Co, Cr, te? 

Equation of plane: 

=O OX = 0) 525 1 (205464 eon 4 = 0 
(iv) Plane ‘Cc 


Atoms “delining plane: “C57 7@u,ac2,. C4 


Equation of plane: 


Cee eZ orem Or DY ica Oe oot ceete 4 Olel Oe = KO) 


° 
Distance of atoms from plane (A) 


GE) 0.004 
Ch -0.004 
C2 0.006 
C4 =—0: 7006 


(vy) Plane D 


AGOnS. Ceri ning planes. C2 ees ECs 


Equation of plane: 


=O /S483xX + On3878Y + 0.36052 + 6.4363 = 0 
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Table 40 continued 
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Fig.. pL 0 


A Perspective View of 


exo-Tricyclo[3.1.1.07'"]-6-yl-p-bromobenzoate. 
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Big coe 


Contents of the Unit Cell Projected onto the [b][c] Plane 
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DISCUSSION 

Tricyclo[3.1.1.0°'*]hept-6-y1-p-bromobenzoate Crvsc 
allises with the cyclopropane ring antt relative to the bridge- 
head bearing the exo-p-bromobenzoate group. A diagram of the 
molecule is shown in Fig. 10. 

The rather large standard deviations for the bond 
lengths and angles does not allow discussion of the geometry 
of the molecule beyond that of the gross structural features. 
The cyclopropane ring has an average bond length of 1.50 A, 
the bridgehead bond being longest at 1.53 Pe The average bond 
angle is 60°. These values are similar to those found in 
cyclopropane itself. 

The cyclobutane ring is puckered with a dihedral 
angle of 132.1°. The average bond length within the ring is 
BI53 A which would agree with the observation that cyclobutane 
bond lengths are shortened in highly strained systems. How- 
ever, because of the large standard deviations in the bond 
lengths, this value is not significantly different from that 
found in cyclobutane itself. MThe angles within the cyclobutane 
Taaigerare “874A Ci ‘and ‘Co™and'62 75" ‘at C6 ‘and C7 

Part of the molecule consists of a bicyclo[2.1.1]- 
hexane entity, and it is interesting to compare the geometry 
found in this structure with that found for bicyclo[2.1.1]- 
hexane itself, which has been determined by two independent 
electron diffraction Studieg This comparison is sum- 
marised in Table 39. As can be seen from the table this 


structure does not differ significantly from either of the 


: 
‘ 
| 
: 
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other two structures, but most of the dimensions and angles 
are closer to Dallinga and Toneman's structure 148, Apart from 
the sizeable errors in the geometry of the system, the presence 
of the cyclopropane ring undoubtedly has an effect upon the 
system, especially upon the bond lengths and angles around 
C2 and C4. Thus it would be meaningless to use this structure 
to try Eocene ve the conflict between the two electron dif- 
fraction results. 

The phenyl ring of the p-bromobenzoate group is planar 
within experimental error and the bromine atom lies in this 


plane (Table 40). The C - Br bond length is 1.88 A and the 


° 
average C - C bond length in the ring is 1.39 A. The average 


bond angle is 120°. The carboxyl group has a normal geometry 
(see Table 22 p 107). The overall geometry of the p-bromobenzoate 
138,149 


group is similar to that found ir. other structures 
The anti isomer was the only product in the addition 
of carbene to exo-bicyclo[2.1.1ljhex-2-ene-5-yl acetate. It has 
been suggested that the hydrogen at C5 may exert some steric 
control on the reaction, if MCPS TeaATSE forces between the 
acetate group and the hydrogens on C6 of the bicyclohexene 
derivative forced C5 closer to the double bond than aguante: 
The hydrogen on C5 would then sit further over the double 
bond than the hydrogen on C6, hindering the approach of the 
carbene from that side. There is some structural evidence to 
support this view. 


The plane formed by Cl, C5, C2 and C4 (plane C) 


makes a dihedral angle of 108.8° with the plane defined by 
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Cl, C5 and Cé (plane”A)”but*a°much gréatertangieé 119 11° iwiith 
the plane defined” by Ci,;°C5s and*c7” (plane+by . FOleealsoosrerins 
clined at 116.4° to the cyclopropane ring (plane D). Because 
of the difference in dihedral angle, C6 sits closer to the 
C2 - C4 bond (which would be the C2 - C3 double bond in bi- 
cyclo[2.1.l]Jhexene) than C7. This is further evidenced by the 
difference in C2~---C6, C4---C6 and C2-~--7 and C4---C7 non- 
bonded contacts. Those between C2, C4 and C6 average 2.35 A 
shorter than the corresponding contacts with C7 which average 
A500 A. Also angles C7 = *CY"- "G2 and’ "GF C5 nC4- ane grectes 
than angies "C6 —-"Cl “= °C2 and’C6"—"C5 —"C4) Serhose fanglessain= 
volving C7 average 105° while those involving C6 average 98°. 

The question remains as to whether the difference 
in dihedral angle is a result of intramolecular forces between 
the p-bromobenzoate substituent at C6, and C7, forcing C6 
closer to the C2 - C4 bond, or whether it is the result of 
intramolecular forces between the hydrogens attached to C3, 
and those’ on.C7, forcing C7 'away from’ the: €2 =2€4 Hondeanae 
it 1s the former, then” the same situation would exist in the 
parent olefin and this could explain the formation of only 
one product in the reaction with carbene. The intramolecular 
forces in question are those between C7 and 02 between which 
there is the very short’ distance’ of 2770 A, and those between 
H31 and H72 which have been calculated to be only 1.76 A apart. 
C3 and C7 are only 2.68 A apart too, an extremely short non- 


bonded contact. 


184 


There is some evidence, althougn most of it andirect, 
to support the proposition that C6 is being forced closer to 
C2 - C4 bond, which in turn means that C5 in the bicycloolefine 
is being forced closer to the double bond. 

To reduce the repulsive interaction between C3 and 
C7, either plane D can move back, widening the dihedral angle 
between D and C from its preferred value, or plane B can 
widen its dihedral angle with C, or both can occur. Plane D 
makes a dihedral angle with plane C of 116.4° which is wider 
than the 109.0° found in anti-1,2,4,5-tetraphenyl1-3,6-dicarbo- 


methoxytricyclo[3.1.0.07'* 


Jhexane. The dihedral angle between 
B and C is 119.1°. In bicyclohexane itself, the average value 
for this angle obtained from the two electron diffraction 
Stud.es: 1S 116.25°... in bicyclohexene>*’, tChisvangLey is) UEeo25-% 
Thus it would seem that the repulsive forces are reduced by 
widening the dihedral angle between D and C to 116.4° froma 
preferred 109.0° and possibly by lengthening the bonds between 
cimandaC7e or andes and .Comel soo A average). | Also the dihedral 
angle between plane A and plane C is reduced to 108.8° from a 
preferred angie of 117°. silane B is’ relatively unarttected. 

The structure of a related compound, 8-exo-bromo- 
1,3-methanoindane-2-endo-carboxylate 13 has been determined”. 
In this compound there are no repulsions of the type encountered 


between Covand C7 int the tricyclo[3.1.1.07'* 


Jheptane deriva- 
tive. The dihedral angles then depend upon the substituents 


at the bridgehead. The bromine in the exo compound is only 


: 


z 


pis 


~ ~  L e e 
ea ei, 
iy ~ aa 
i (22 pales 


ire Sa " 
wiper tbat Si 306 tem siguodst 


of x6 bots. boo102 pried ah 2 »s a5 
ia Ace a 
eniteloofoyetd sat ab 25 3683) 
— or 


Si 


: 
7 » 
Lif9D° £ iFoG 
; i jd! ro 
r on = ’ v3 = Se | e. 
+ s ~ - tf 
+ i t Of s 
, “¢ 
2 : t 
f 
4 . 
‘ ie 
; Jails mses, B: 
** a 
4 4 FE : - wt ce elorns : 
. + * 
onicordonel. yt yidbese 
o 
r = - a4 r Pe 
i om wii» eB) - 
- saves teas 
jsiet ef 46 eke 
nm en 
Dri te hetSeisr -s 
2 i. - 
tie , Ff ‘ yee a 
5 sede . ets fyxodtss-o 
—— + : 
&: 


4 

r’% f r r 7 f. ~~ +> 
Hi « E} OLLI YO Lis 

; t 

E 
‘ = 
~ f ¥ ¢ a | o 
Bit S DNeGSoS 1SGa eolt 
a ie - 


= es 
m> oxe ett at snk a so a 


or 
at 


ESS 


co CH, 
13 


~~~ 


fe sks) A from C2 while the sum of the Van der Waals radii for 
bromine and carbon is 3.65 A. This is similar to the type 

of interaction between 02 and C7 in the tricycloheptane deriva- 
tive. The dihedral angle between the planes which correspond 
Go A and C in the tricycloheptane: compound 1s 211° while that 
which would correspond to the angle between B and C is 117°. 
Thus the same pattern is observed with or without the presence 
of the cyclopropane ring, so that these angles are influenced 
mainly by the substituents at the bridgehead positions. 

By extrapolation then it would appear that C5 in 
exo-bicyclo[2.1.1l]hex-2-en-5-yl acetate will be closer to the 
C2, = C4 bond and the hydrogen attacned to it may sterically 
interfere with the formation of a syn isomer of tricyclo- 
[3.1.1.07'’*]hept-6-yl acetate. 

A packing diagram of the molecule is shown in Fig. 
11, in which the contents of the unit cell have been projected 
on to the [b][c] plane. Intermolecular contacts are listed 


in Table 3g. None of these are less than the sum of the 
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Van der Waals radii of the two atoms concerned. The closest 


packing occurs in the direction of the a axis. Other close 


contacts occur between molecules related by the n glide and 


separated by two unit cells in the a direction. 
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APPENDIX 


The Structure of Tungsten Oxide Tetrafluoride. 
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AS part°of a general Structural investigation of 
fluorides and oxide tetrafluorides, the solid state structure 


of tungsten oxide tetrafluoride was carried out by Edwards and 


Jones!°?, The reported structure consisted of a tetrameric 
unit with idealised symmetry Dan 14. 
F F 
| ve am 
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The assignment of the oxygen atoms to the bridging 
positions was based on the symmetry requirements of the space 
group and the stoichiometry of the compound. This assignment 
assumed an ordered structure, and no disordered structures 
with fluorine atoms in the bridging positions were tested. 

The oxygen bridged structure has been criticized on 
the basis of the infrared and Raman spectra of the tetramer in 


: 153; 154 : : 
the solid state tun the basitssoGetnein structure.deter-— 


mination, Edwards and Jones had asSigned a band at 1050 cm + 


to a terminal W - F stretching frequency. Beattie and co- 


workers found this untenable, since in NbF. and TaF which 
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are structurally similar to WOF y+ no fundamental higher than 
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766 cm? is observed, and so assigned the band at 1050 cmt 
to either a terminal or bridging oxygen mode, but pointed out 
of oto oa MORO) com> for a bridging oxygen mode would be uniquely 
high. The Raman spectrum showed a very strong band at 1058 om. 
Since the band from a bridging linear M - 0 - M species, would 
be expected to be at most weak, they concluded that the struc- 
ture contained terminal oxygens and was therefore disordered. 

The disorder of oxygen and fluorine atoms is not with- 
out precedent in oxymetal fluoride systems. In the cesium salt 
of CrO.¥, the anion occupies a position with site symmetry Si, 
and only one bond length of 1.53 A is observed for the weighted 
average of Cr = O and Cr - F distances. 

All the data can be interpreted by a disorder of 


two orientations of an asymmetrically fluorine-bridged structure, 


15 and 16. The idealized symmetry of the tetrameric unit is 
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then Cane 
The relative merits of oxygen and fluorine bridged 
structures can be evaluated on the basis of expected bond 
lengths. A simple symmetry-based molecular orbital treat- 
ment of the oxygen-bridged structure shows that one might 
expect significant tT bonding and hence a short tungsten- 
oxygen distance. The molecular orbitals, after construction 
of the o framework can be briefly described as follows for the 
Dan oxygen-bridge model. Along each edge of the square array 
perpendicular to the plane of the four metal atoms, a three 
centre W - O - W m-bonding system, consisting of a dt orbital 
from each metal and the corresponding oxygen pt orbital, 
would result in bonding, nonbonding and antibonding Oe esis: 
Two electrons, those on the oxygen, are available to populate 
the bonding levels, thus giving an out of plane t-bond order 
of 0.5- In the plane, a more extensively delocalisation system 


results... The metal dw orbitals transioarm as) A +B + Eu 


lg 2g 
and the oxygen pt orbitals as Aig - Big ere. "The metal and 
oxygen Big and Eu orbitals give rise to bonding and anti- 


bonding combinations of each symmetry. The eight available 
electrons are housed in the Aig and Eu bonding orbitals and 
the Big non bonding orbital (which remains. Localised.on the 
oxygen atoms)- Thus a total in plane t-bond order of 3 is dis- 
tributed among the eight equivalent W - O linkages. The total 
o .+ @T bond order is therefore 1.875 for each metal-oxygen 


bond. The approximate bond order vs. bond length curve of 
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Rpm Rats! 2 

Cotton and Wing would suggest a W - O bond length of 1.8, 
assuming that W - O distances parallel Mo = O distances. How- 


ever the observed’ W =» '0O' diStances are’2/10 and’ 2:12 A which 
COrrespond tovat bond order of 1.0. 

Simple electron counting for a fluorine bridged 
structure suggest one oxygen per tungsten atom, and the 
pattern of in-plane and out-of-plane tungsten-ligand bond 
lengths?>* suggest that the oxygen atoms lie in the plane of 
the four tungsten atoms, since it is in the plane that the 
father shortew, -Capr'edistancesiotvi.65 iN oeccurepmThesesre- 


quirements allow three structures 15, 17 and 18. 
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The particular arrangement of the tungsten atoms in 
Tis stiucture requires Glther or, both of tha diagonals to be 
coincident with symmetry elements, depending upon the choice 
of space group C2, Cm or C2/m. Since none of these structures 
has. a mirror plane that contains the diagonal tungsten atoms, 


a disorder and hence the presence of a pseudo symmetry element 


‘oo ee ie Ps 45 
iv. re Saini en Ss 
7 oe | eal 


«2 : a 
A 8 AE 8 29 oat bod 6 +1 

* Fea aa aa 
‘eit Pt =) wt} sited eity: = owt sf. i 


<a ey : et 
fon eg Se Sas Ob a oi. 

“ oY Pires Pebed os 
7x 5.. on 


aphid srksouls «6- sed balsauae 


‘ F sri) ob Bc iSDW) . es 
' a ; 
. 
A ae 5 . - Ss ae 
eat ni et Ii BSOMLES penn 2 rrth: 
o aan S 4 Si 
r F ~noneo A FPait=<4 #4D rajeth% 
r ot 
, + + 
+} 
i 
—_* 
{ 
} 
] 
3 
i 
b 
*\ 
f 4 
> _ } ¢ — 
7 — a « AS J ithan 
j : 5 yO + 
IL f ,eo7 
> 3H somes 5 
. bp . =f 


re 
to tejennts Lagovpesib aad aa: 7” 2 
eit oie ails — 


obiosa 5 36 somnseag i ona 


192 


has to be postulated in each case. Structure 15 is preferred 
over 17 and 18 because the disorder is based on a square, while 
17 and 18 would probably contain a rectangle or trapezoid of 
tungsten atoms respectively. 

The apparent W - F bridge distance, where the 
fluorine atom is placed at a position corresponding to the 
average of structures 15 and lo, can be readily assessed from 


higea This structure forms infinite 


the structure of MoOF 
chains rather than the discrete tetrameric units found in 
WOF ,- However, the essential heavy atom environments are the 


same as shown in 19. 


The average of the two independent Mo - F distances 
(1.96 and 2.27) in this asymmetrically bridged structure is 
Pech beh A, the same as is found for bridge bonds in the tungsten 
compound. 

The hypothesis of the disordered structure was then 
tested using the published structure factor amplitudes. Two 
models were refined: (a) the ordered oxygen bridged structure 


14 and (b) an average of structure 15 and 16 with two indepen- 
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ps Be 


dent half weight fluorine atoms in each bridge, the terminal 
in plane atoms each being treated as a single atom comprising 
half oxygen and half fluorine. Both models were refined iso- 
tropically in the space group C2/m using scattering factors 
that contained the real and imaginary components of anomalous 
dispersion and the weighting scheme of Edwards and Jones. 

In model (b), only one half weight fluorine was refined in 
each cycle because of the resolution limits of the data set. 

BOUN models refinea” to Retactors of OL126. “The 
refinement of the disordered model produced asymmetric bridges 
with individual tungsten-fluorine distances 2.04 (7) and 
2.19 (7). The other values were not Significantly different 
from those observed by Edwards and Jones. 

The X-ray data do not allow the rejection of the 
ordered model Pe This is not surprising in view of the 
quality of the data used and the relative insensitivity of the 
structure factors to small changes in the light atoms when a 
third row transition metal is present. Therefore the choice 
between the ordered and disordered models has to be made on 
the basis of other evidence. In this case the spectroscopic 
and structural arguments favour a fluorine bridged structure 


of which FS is’ the most attractive. 
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